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Abstract: This study applied poly-e-caprolactone (PCL), a biomedical ceramic powder as an additive
(nano-hydroxyapatite (nHA) or B-tricalcium diphosphate (3-TCP)), and sodium chloride (NaCl)
and ammonium bicarbonate (NH4)HCO3) as porogens; these stuffs were used as scaffold materials.
An improved solvent-casting/particulate-leaching method was utilized to fabricate 3D porous
scaffolds. In this study we examined the physical properties (elastic modulus, porosity, and contact
angle) and degradation properties (weight loss and pH value) of the 3D porous scaffolds. Both
nHA and B-TCP improved the mechanical properties (elastic modulus) of the 3D porous scaffolds.
The elastic modulus (0.15~1.865 GPa) of the various composite scaffolds matched that of human
cancellous bone (0.1~4.5 GPa). Osteoblast-like (MG63) cells were cultured, a microculture tetrazolium
test (MTT) was conducted and alkaline phosphatase (ALP) activity of the 3D porous scaffolds
was determined. Experimental results indicated that both nHA and 3-TCP powder improved
the hydrophilic properties of the scaffolds. The degradation rate of the scaffolds was accelerated
by adding nHA or 3-TCP. The MTT and ALP activity tests indicated that the scaffolds with a
high ratio of nHA or 3-TCP had excellent properties of in vitro biocompatibility (cell attachment
and proliferation).

Keywords: 3D composite scaffold; improved solvent-casting/particulate-leaching; bioceramic; phys-
ical and degradation properties; biocompatibility

1. Introduction

Tissue engineering techniques used in bone reconstruction and regeneration often
require a temporary porous scaffold, which modulates the growth of cells migrating from
surrounding tissue or of cells seeded inside the porous structure of the scaffold. Porosity
and pore interconnectivity within the scaffold are critical for cell adhesion, proliferation,
and the diffusion of nutrients and oxygen throughout such 3D constructs. The scaffold
should also provide appropriate mechanical properties to support the regeneration of
damaged tissues [1].

A solvent-casting / particulate-leaching method was developed to prepare highly
porous poly (L-lactic acid) (PLLA) membranes. Their properties are independent of the salt
type and are only affected by the weight fraction and particulate size of the salt [2]. Porosity
is an important consideration when designing scaffolds for tissue engineering, since a
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proper morphology is needed to promote cell growth and the proliferation and transporta-
tion of nutrients into poly-e-caprolactone (PCL)/hydroxyapatite (HA) scaffolds [3].

Pore interconnectivity is another important factor in scaffolds used for tissue engineer-
ing. A layer-by-layer technique was used to fabricate PCL/chitosan (CS) scaffolds, with salt
used as the porogen [4]. Another technique used NaCl to improve pore interconnectivity
in PCL/HA composite scaffolds. Experimental results revealed that the scaffolds had
high interconnectivity and good cell adhesion and proliferation [5]. Another group added
ammonium bicarbonate to scaffolds, which formed pores as the ammonium bicarbonate
vaporized. This allowed water to seep into the scaffold causing the NaCl particles to leach
out. However, PCL has poor mechanical properties [6]. Therefore, HA particles were added
to PCL scaffolds to enhance the mechanical properties and promote osteoconductivity [7].
Researchers who added HA found a significantly increased compressive modulus. Their
experimental results revealed higher osteoblast differentiation in PCL/HA scaffolds than
in PCL scaffolds [8]. A novel PCL/nano-fluoridated HA (PCL-FHA100) nanocomposite
scaffold was developed. Results showed that the compressive strength of the blended
scaffolds increased with an increase in the weight ratio of FHA100 and decreased with
an increase in porosity [9]. In vitro degradation behaviors were investigated using three-
dimensional (3D) porous/CS scaffolds. Results revealed that the degradation rate of a
PCL/CS scaffold was faster than that of a pure PCL scaffold [10]. A PCL/HA scaffold
with a high HA content degraded faster than one with a lower HA content. All PCL/nano
(n)-HA composites revealed decreased compressive strengths and decreased moduli as the
severity of degradation increased, especially in scaffolds with high HA contents [11].

A centrifugation method was developed for fabricating cylindrical PCL scaffolds.
In vitro cell interactions were investigated using chondrocytes, osteoblasts, and fibroblasts.
In vivo tissue interactions were examined on scaffolds in a rabbit model, and bone forma-
tion was enhanced by large pore sizes (290~310 um) [12]. Other research summarized the
effect of pore sizes on tissue regeneration and reported that a pore size of 100~350 pm is
conducive to bone generation [13]. PCL/nHA scaffolds (with a pore size of 400 pm and
fixed to a titanium bone plate) were implanted into rats and rabbits in an in vivo study.
Results indicated that PCL/nHA scaffolds were effective in promoting bone regenera-
tion [14]. Processing/structure/property relationships of multi-scale PCL and PCL-HA
composite scaffolds prepared via a combined gas-foaming/porogen-leaching technique
were assessed. The multi-scale scaffolds allowed the 3D osteogenic differentiation of MG63
cells [15]. Porous scaffolds created by thermally induced phase separation consisted of
aggregated microparticles of a PCL homopolymer and PCL-HA nanocomposite. The pre-
pared scaffolds had porosities in the range of 80~92%, pore sizes of up to 600 um, and
high pore interconnectivity [16]. PCL/HA and PCL /halloysitr nanotube (HNT) composite
scaffolds were prepared by co-extrusion and gas foaming. Compressive properties of
PCL/HNT scaffolds were higher than those of PCL/HA scaffolds. Human mesenchymal
stem cells (hMSCs) proliferated and differentiated best on 5% HA scaffolds followed by 1%
HNT scaffolds and 5% HNT scaffolds [17]. A novel calcium phosphate (CaP)/PCL scaffold
was fabricated by a solvent-casting/particle-leaching process. A porosity gradient was
clearly obtained, whereas the gradation in the phase composition was less pronounced [18].

Microporous membranes for guided tissue regeneration based on PCL and on two dif-
ferent functionalized PCL and relative HA nanocomposites were realized by solvent/non-
solvent phase inversion. A PCL-dimethylaminoethyl acrylate (DMAEA)/HA combination
was most promising in terms of cell adhesion, proliferation and differentiation [19]. PCL-
HA30 nanocomposite micro-scaffolds were used to induce hMSC differentiation without
the addition of osteogenic growth factors. Moreover, the presence of an inorganic cue (HA)
on the micro-particle surface positively affected differentiation towards an osteogenic lin-
eage [20]. PCL/HA composite blends exhibited high loading contents of HA. Application
of an ultrasonic wave during the extrusion process aided in providing sufficient processabil-
ity and flowability of PCL/HA blends with up to 30 wt.% of HA. This ultrasound-assisted
extrusion process has potential to replace the solution-mixing technique [21]. HA/PCL
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composite scaffolds with a bimodal architecture of small and large macropores were pre-
pared by a two-step scCO; process and were coated with potato dextrose agar (PDA) to
incorporate two different growth factors (GFs). This resulted in faster release of vascu-
lar endothelial growth factor (VEGF) compared to bone morphogenetic protein (BMP)-2.
While BMP-2 secretion took place during the entire healing process, VEGF expression
occurred in the early healing stage [22]. The NIPS-based 3D plotting technique is useful in
producing porous PCL/HA composite scaffolds with a controlled macro/micro-porous
structure, high mechanical properties, and good bioactivity. With an increase in the HA
content, the mechanical properties (i.e., compressive yield strength) and apatite-forming
ability significantly increased [23]. A novel 3D electrospun PCL/HA nanofiber (NF) com-
posite scaffold was developed to mimic the natural bone matrix, and it was utilized in
combination with BMP-2 for improved in vitro osteogenesis and in vitro new bone forma-
tion [24]. An indirect 3D printing method was applied to manufacture porous scaffolds
to facilitate the design of desired scaffold shapes and control the formation of macro-and
micro-structures. The composite made with a PLA/PCL ratio of 70/30 containing 35%
HA was more suitable when considering porosity and the degradation rate [25]. The
3D-printed PCL/HA scaffolds were found to be cytocompatible and capable of osteogenic
differentiation and antimicrobial activity in vitro [26]. Aligned and non-aligned PLLA /PCL
fibers and PLLA /PCL/HA scaffolds were produced by an electrospin-electrospray pro-
cess. Aggregates of nanophase HA improved the mechanical properties of these blends,
by acting as a reinforcement and enhancing the responses of these constructs to tensile
stress [27]. PCL/HA hybrid microspheres consisting of two substances, PCL and HA, were
produced by a spray-precipitation technique. Results demonstrated that the proliferation
and osteogenic differentiation of hPDCs were improved by the addition of HA to PCL
microspheres [28]. Porous PCL/nHA composite scaffolds were fabricated by a modified
melt-molding/leaching technique using a combination of salt particulate and polyethylene
glycol (PEG) as co-porogens. This scaffold prepared from NaCl/PEG presented many
macropores with interconnectivity and showed high strength and good bioactivity [29].
Porous scaffolds were produced by a thermal crosslinking of PCL diacrylate in the presence
of HA and a particulate leaching technique with sodium chloride as the water-soluble poro-
gen. Levels of alkaline phosphatase (ALP) activity were found to be higher for PCL/HA
network scaffolds than for PCL network scaffolds [30]. An in situ sol gel method was
introduced to prepare HA /PCL nanocomposites. Young’s modulus and the ultimate tensile
strength of PCL was enhanced by the addition of 20 wt.% HA nanoparticles (NPs) [31].
Interconnected porous PLA scaffolds were developed via a SSE/water-soluble porogen
leaching approach. The presence of PEG not only generated desirable processability of
PLA /NaCl, but also facilitated the occurrence of interconnected pores. The compressive
modulus that varied from 85.7 to 207.4 MPa fell in the range of a normal modulus of
human trabecular bone (50~250 MPa) [32]. Porous PCL/HA composite scaffolds with a
controlled macro/micro-porous structure were produced using NIPS-based 3D plotting.
The mechanical properties (i.e., ultimate tensile strength and compressive yield strength)
and apatite-forming ability significantly increased with an increase in the HA content [33].
A solvothermal process was employed to prepare nano-rod HA (20%)-reinforced PCL
composite scaffolds. The prepared scaffolds could be promising for non-load-bearing bone
regeneration because of their good mechanical properties and ability to promote apatite
growth [34]. A successful synthesis of HA based on abalone mussel shells with a molar
ratio of Ca/P of 1.67 was presented. Overall the cell metabolic activity and morphology
of the HA + HCB 30 wt.% scaffolds showed that they were able to facilitate attachment
of MC3T3E1 cells on their surface [35]. Porous scaffolds were fabricated with PCL/3-
tricalcium phosphate (BTCP at 10, 20, and 50 wt.%) biocomposites by a freeze-drying
method. The porosity of these scaffolds was 80~85%. The adhesion and proliferation of
bone marrow-derived MSCs seeded onto PCL/BTCP scaffolds were enhanced compared
to those on PCL [36].



Polymers 2021, 13, 2718

40f21

Controlled and sustained release of vitamin C from tricalcium phosphate (TCP) scaf-
folds was observed in the presence of a PCL coating. The sustained release of vitamin C
from PCL-coated TCP scaffolds enhanced the proliferation and differentiation of osteoblast
cells [37]. In a 3D-printing system, PCL-BO and PCL-DCB exhibited greater ability for
osteoinduction than synthetic materials such as PCL-HA or PCL-TCP. Doping 3D-printed
PCL scaffolds with DCB or BO might better support in vivo bone healing compared to
TCP- or HA-doped grafts [38]. Brain tissue reactions to PCL and PCL-TCP scaffolds were
investigated by inflammatory response staining (IBA-1). Results suggested brain tissue
compatibility with PCL-TCP scaffolds [39]. The feasibility of 3D-printed PCL/{3-TCP
scaffolds was evaluated in large defects of the canine mandible. Scaffolds incorporating
heterogeneous pore sizes exhibited rapid bone ingrowth, and those with additional wing
structures had more-stable screw fixation [40]. As FDM allowed the fabrication of tailor-
made bioresorbable thBMP-2/mPCL-TCP/ collagen scaffolds with fully interconnected
channel networks and adequate mechanical properties, the delivery of thBMP-2 from
mPCL-TCP/ collagen scaffolds represents a promising advance for clinical applications
in craniofacial surgery [41]. Various PTF/CH scaffolds were fabricated using a simple
coating process, and enhanced mechanical and cellular behaviors of hierarchical scaffolds
(PTF) consisting of PCL/-TCP struts and electrospun PCL nanofibers were observed.
Cell viability reasonably improved with PTF/CH scaffolds relative to PTF scaffolds and
PTF/CHj5 scaffolds displayed the best cell viability [42]. PCL/TCP scaffolds with two
various fiber laydown patterns were coated with HA and gelatin. The groups with coated
scaffolds showed lower bone formation and lower biomechanical properties within the
defect compared to uncoated scaffolds [43]. Pliable and strong scaffolds were obtained by
modulating PDLLA /PCL ratios. 3-TCP not only enhanced the strength but also improved
the scaffold’s hydrophilicity. Scaffolds with pore sizes in the range 200~500 pm met the
minimum requirements as a bone scaffold and the porosity exceeded 80% [44]. PCL/(3-
TCP/BdECM/BMP scaffolds were produced by printing BdECM containing rhBMP-2
between PCL/3-TCP lines using a 3D printer. BdECM stably carried rhBMP-2 and was
found to enhance cell adhesion and promote osteogenic differentiation [45]. Different
PCL/CH/ gelatin samples were fabricated by adding various amounts of 3-TCP. MG63
cell attachment, proliferation, and morphology, as well as type I collagen gene expression,
degradation rate, swelling and mechanical properties were optimized in a sample con-
taining 3% (-TCP [46]. PCL-based fibrous nanocomposite membranes embedded with
spherical «-TCP nanopowder were engineered as a drug carrier to use as hemocompatible
and bioactive substrates for bone tissue engineering. The 1 wt.% «-TCP nanopowder (PCL-
1l membrane) resulted in enhanced mechanical properties, bioactivity, and hydrophilicity
of PCL-based membranes [47]. Influences of the composition and porosity of FDM 3D-
printed PCL/B-TCP constructs were studied for bone tissue engineering. That study
provided guidance for designing PCL/3-TCP constructs and provided the feasibility of
single-piece constructs integrating multiple porosities and composite compositions [48].
The research extruded -TCP/PCL filaments at different ratios, sterilized samples with clin-
ically available E-beam irradiation, and implanted them in subcutaneous sites for 24 weeks.
Adding TCP to PCL significantly increased composite degradation, but an increasing TCP
content in the composite did not accelerate degradation [49]. Preclinical assessments of
bone-replacing materials are numerous, but papers that examined clinical circumstances
of bone graft applications and consumer market acceptance are rare. One research study
evaluated dental adoption of bone grafts in accordance with the perception of dentists in
Brazil. The authors interviewed 183 professional dentists. The most frequently mentioned
compositions were ceramics, followed by composites. Autogenous and xenogeneic grafts
were more frequently used than alloplastic or allogeneic ones, and ceramics were the most
frequently used composition [50].

Traditional layer-by-layer 3D printing cannot easily fabricate complex shapes on
products. 3D free-form surface printing enables omni-directional printing of brackets
to produce complex shapes (such as spirals). In their study, by introducing an in situ



Polymers 2021, 13, 2718

50f21

inorganic NP precipitation process to a 3D freeform printing system with a two-step
crosslinking strategy, the authors successfully fabricated HAc-Alg/CaP nanocomposite
hydrogel scaffolds with various mineral contents and good structural integrity [51].

In this study, nHA or 3-TCP was added to the PCL matrix to construct composite
scaffolds. An improved solvent-casting/particulate-leaching method was used to fabricate
3D porous scaffolds. Effects of various ratios of nHA or 3-TCP on the physical properties,
degradability, and biocompatibility of the composite scaffolds were investigated. This
study also discusses the results of cell culture using pure PCL and composite scaffolds.

2. Experimental
2.1. Scaffold Preparation

Porous scaffolds were fabricated by an improved solvent-casting/ particulate-leaching
method using PCL (440744, Sigma-Aldrich, St. Louis, MO, USA) as the scaffold material.
The porogens were NaCl (Sigma-Aldrich, St. Louis, MO, USA) ranging 250~400 um in
size and ammonium bicarbonate (NH4)HCO3). A flowchart of the scaffold fabrication
procedure is shown in Figure 1. Table 1 lists the preparation and characteristics of various
scaffolds. First, PCL (Mn: 80,000) was dissolved in chloroform at 1:10 wt/vol at room
temperature for 12 h. NaCl and (NH4)HCO3 mixed with nHA (Sigma-Aldrich, St. Louis,
MO, USA) or B-TCP (Sigma-Aldrich, St. Louis, MO, USA) were added to the PCL matrix
and stirred (The traditional solvent-casting/particulate-leaching method does not use
(NH4)HCO3). The mixed PCL solution (PCL+HA or 3-TCP) was poured into a dish and
dried at room temperature for 90 min. Residual chloroform was removed by vacuum
drying at 100 pmHg and 25 °C for 2 h. After fabrication, the scaffolds were immersed in
deionized (DI) water at 55 °C to leach out the NaCl and (NH4)HCO3 for 1 h and vacuum-
dried for 12 h. The completed scaffold was then stored for further use. The fabrication
time of each porous scaffold was 2 days. The fabrication time of the composite scaffold
using the improved solvent-casting/particulate-leaching method (2 days) was shorter than
that employing the solvent-casting /particulate-leaching method (7 days). DI water could
not seep into the scaffolds, so the NaCl was unable to be leached out with the solvent-
casting / particulate-leaching method. The authors needed to heat the water to 55 °C with
the improved solvent-casting /particulate-leaching method.

Porogens ( NaCl, (NHs)HCO:3)

Mold —

00 g0
d%oe,
Q%O 00 Forming
Drying
= Oo (=) =) oa @
@ Jo° % 0
"0 00
Organic . L
et *Polymert Povders \
Leaching
(Chloroform ) Porous
scaffold
,,\(:‘;r,\(: l(; ' «
0Ty Drying .00
° 90

DI. Water (55C)

Figure 1. Flowchart of the fabrication of the scaffolds.
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Table 1. Preparation and characteristics of various scaffolds.

Matrix Material (wt.%) Porogen (wt.%) Porosity Elastic Contact
Scaffold o Modulus o
PCL nHA B-TCP  (NH);HCO3; NaCl (%) (GPa) Angle (°)

PCL 30 0 0 20 50 88.10 0.120 70.1
PCL/nHA-1 20 10 0 20 50 87.50 1.005 56.4
PCL/nHA-2 18 12 0 20 50 85.42 1.010 499
PCL/nHA-3 15 15 0 20 50 83.20 0.401 45.4
PCL/B-TCP-1 20 0 10 20 50 87.32 0.435 59.2
PCL/pB-TCP-2 18 0 12 20 50 84.51 0.381 50.8
PCL/pB-TCP-3 15 0 15 20 50 79.35 0.150 46.4
PCL/nHA/B-TCP-1 20 5 5 20 50 85.50 0.479 57.3
PCL/nHA/B-TCP-2 20 6 4 20 50 85.15 1.865 56.9
PCL/nHA/B-TCP-3 18 6 6 20 50 82.51 0.612 50.5
PCL/nHA/B-TCP-4 18 7.2 4.8 20 50 84.23 1.088 49.6
PCL/nHA/B-TCP-5 15 7.5 7.5 20 50 80.35 0.659 46.2
PCL/nHA/B-TCP-6 15 9 6 20 50 81.26 0.826 46.1

2.2. Physical Properties

The porosity of the scaffold was measured using Archimedes’ principle [52]. The
porosity of a scaffold immersed in a bottle full of ethanol was determined by

(w1 —ws—ws)
: o\ Pe
Porosity (%) = Trw)  w (1)
Pe Ps

where w; is the weight of the scaffold, w; is the bottle weight when filled with ethanol,
wy is the bottle weight when filled with ethanol and the scaffold, ws is the bottle weight
after removing the ethanol-saturated scaffold from w,, and p, and ps are the ethanol
density and scaffold density, respectively. The scaffold was then further measured by a
mercury porosimeter (Belpore MP, Microtrac Retsch, Germany) to determine the pore size.
Mercury was filled to gradually shrink the pores by applying external pressure. Surface
morphologies and pore sizes of the PCL, PCL/nHA, PCL/3-TCP, and PCL/nHA /-TCP
scaffolds were observed by scanning electron microscopy (SEM, Hitachi S-240, Tokyo,
Japan), after a thin gold (Au) layer had been deposited on the scaffold using a sputter
coater under a vacuum.

A Hung Ta 9102 machine was employed to evaluate the compressive properties (elastic
modulus) of the PCL, PCL/nHA, PCL/B-TCP, and PCL/nHA /B-TCP scaffolds with a
load cell of 2000 N at a compression rate of 1 mm/min. Five samples (4 mm in diameter
and 10 mm in height) were processed, and results were averaged per group. The stress

was estimated by o = % = HLDZ' where o is the stress, F is the load (N), and A is the area
e

(mm?). The elastic modulus (E) was determined by the slope of the stress-strain diagram.

A contact angle meter (DIGIDROP DGD-DI) was applied to measure the contact
angles of the PCL, PCL/nHA, PCL/p-TCP, and PCL/nHA /-TCP scaffolds. Contact
angles of composite scaffolds are used to discuss their surface properties (hydrophilic and
hydrophobic). Five points were measured on each scaffold. DI water (0.5 uL) was dropped
onto a scaffold’s surface. The three states of a solid/gas/liquid affected the liquid drop
stability, and computer-controlled photography (25 frames/s) was used to capture images
and convert the image files.

2.3. Degradation Test

Degradation tests were performed to measure the degradation rate of the scaffolds
in the human body. Scaffolds were trimmed to 10 x 10 x 2 mm? and placed in separate
vials containing 3 mL of phosphate-buffered saline (PBS, Gibco, Grand Island, NY, USA).
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Scaffold specimens were degraded by incubation at 37 °C in PBS for up to 15 weeks without
changing the medium. Each week, three samples in each group were washed five times in
DI water, air-dried overnight, and vacuum-dried for at least 24 h. The weight loss and pH
variation of the scaffolds were determined after incubation.

The pH value of PBS was measured with a pH meter (model 710-2, Waltham, WA,
USA, Orion) in the degradation test. The weight loss (W) of each scaffold specimen was
calculated using the following formula:

@

where Wipit and Wy, are the respective weights of the scaffold specimen before and
after degradation.

2.4. Cell Culture

Cell adhesion and growth behaviors were compared among the PCL, PCL/nHA,
PCL/B-TCP, and PCL/nHA/B-TCP scaffolds after seeding MG63 osteoblast-like cells in
the scaffolds. MG63 osteoblast-like cells were cultured in a tissue culture flask at 37 °C
in a 5% CO, atmospheric environment. Dulbecco’s modified Eagle medium (DMEM,
Hyclone, Logan, UT, USA) was used as the culture medium. Cells were treated with
0.25% trypsin-EDTA before being cultured in the scaffolds. Scaffolds were cut into sample
sizes of 10 x 10 x 2 mm?>. Samples were sterilized by washing twice with 75% or 95%
ethanol and then rinsing in PBS three times for 15 min to remove any residual ethanol.
Each sample was transferred to a 24-well tissue culture plate and seeded with 0.5 mL of
the cell suspension at a concentration of 10* cells/mL. Samples and plates were stored
in an incubator for 7 days. The medium was refreshed every 3 days during this period.
After 1,4, and 7 days of cell culture, samples were removed [53]. Extracts for indirect tests
were collected from scaffolds under standard conditions (ISO 10993-5). Scaffolds were
immersed in complete culture medium for 120 h, at 37 °C without agitation. The ratio
between the sample surface and the volume of the extraction vehicle was 2 cm?/mL. A
negative control was represented by the extraction vehicle with no material, while the
positive control was the same medium containing a 0.1% phenol solution. Pure extracts
(100%) and 50% and 20% dilutions (prepared using complete culture medium) were added
to cells, and seeded in 96-well plates for 24 h previously. After 3 days of incubation, the
viability and metabolic activity of cells were tested by a 3-(4,5-dimethilthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Spectrophotometric absorbance was measured
at 570~690 nm using an enzyme-linked immunosorbent assay (ELISA) reader. As a result,
the optical density (OD) of cells was obtained [54].

In cytotoxicity tests, the viability and metabolic activity of cells, previously incubated
with material extracts, were checked by the MTT assay. MTT into the mitochondria [54].

Cell proliferation in the sample scaffolds was assessed by a 5-bromo-4-chloro-indolyl-
phosphatase (BCIP)-nitroblue tetrazolium (NBT) assay (Gibco) of ALP activity and cellular
ALP production. This method indirectly measures ALP activity based on a chromogenic
reaction initiated by the cleavage of the phosphate group of BCIP by ALP present in
cells [55]. Protons produced by the reaction reduce NBT to an insoluble purple precipitate.
This assay was applied to assess ALP production of MG63 cells in composite scaffolds
after 1, 4, and 7 days of cell culture. After removing the culture medium, 200 pL of the
BCIP/NBT solution was added to each well. Cells in the well were then incubated for 2 h at
37 °C. Next, MG63 cells were observed by inverted light microscopy, and insoluble purple
precipitates were solubilized with 210 pL of sodium dodecylsulfate (SDS) in 10% HCI. After
overnight incubation, the OD of the solubilized product was measured in a microliter plate
reader. The mean absorbance and standard deviation (SD) were determined at 595 nm.
Three independent experiments were performed, and each test was performed in triplicate
wells for each treatment variable.
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2.5. Statistical Analysis

In this study, measured data were subjected to statistical analyses. For any given ex-
periment, each data point represents the mean =+ standard deviation (SD) of six individual
experiments. A t-test was used to determine the significance between groups in the MTT
and ALP assays. Statistical significance is indicated by * p < 0.05.

3. Results and Discussion
3.1. Physical Properties of the Scaffolds

Scaffold samples were observed by SEM. Figure 2 reveals pore morphologies and
surface structures of the PCL, PCL/nHA, PCL/B-TCP, and PCL/nHA /B-TCP scaffolds.
Pore sizes varied from 110 to 350 pm in the four types of scaffolds. The pore size of the
PCL scaffold was the largest. The reason was that those NPs (nHA and 3-TCP) were
smaller than the pores, so they easily filled in the pores of the scaffold caused by Van der
Waals forces. Table 1 indicates the porosity of the 3D composite scaffolds with various
ceramic materials. nHA and 3-TCP particles were evenly exposed and dispersed on the
scaffold’s surfaces as shown in Figure 2. This figure also compares the porosities of the
PCL, PCL/nHA, PCL/B-TCP, and PCL/nHA /3-TCP scaffolds. Scaffolds with high ratios
of ceramic powder (whether nHA, 3-TCP, or nHA /-TCP) had lower porosities compared
to PCL scaffolds. The reason is that as the ceramic ratio increased, because the sizes of
ceramic particles are on a nanometer scale, the Van der Waals effect caused ceramic particles
to aggregate together. The NPs easily filled the scaffolds” pores. The porosity of the 3D
composite scaffolds was independent of the ceramic particle used (whether nHA, 3-TCP,
or nHA/-TCP). The PCL scaffold had a maximum value of pore porosity because the
nanometer-sized ceramic particles did not plug up the pores. Presumably, highly porous
structures enable sufficient interaction of cells with a scaffold. Large pores in a scaffold
increase diffusion of nutrients and gas but also reduce cell attachment. In contrast, small
pores in a scaffold increase cell attachment but have poor nutrient and gas delivery [56].
According to the literature, a pore size of 100~350 um in a scaffold is needed for bone
regeneration and osteoconduction [11,12]. Cell growth and new tissue formation depend
on the scaffold’s porosity, pore size, and material. An interconnecting pore network in a
scaffold is also essential for tissue growth.

Table 1 shows values of the measured elastic modulus of the PCL, PCL/nHA, PCL/f3-
TCP, and PCL/nHA /3-TCP scaffolds. Clearly, the mechanical properties of the scaffolds
improved after adding ceramic powder. Values of the elastic modulus of the various
scaffolds were in the decreasing order of PCL/nHA /3-TCP scaffold > PCL/nHA scaffold >
PCL/3-TCP scaffold > PCL scaffold. The compressive strength and hardness of the ceramic
material (NHA or 3-TCP) were greater than those of the PCL material. The elastic modulus
of the PCL scaffold was smaller than that of the PCL scaffold with ceramic particles (nHA,
3-TCP, or nHA /3-TCP). The elastic modulus of the composite scaffold (PCL with ceramic
particles) increased as the ratio of ceramic particles increased [57]. The elastic modulus of
the PCL/nHA scaffolds was larger than that of PCL/-TCP scaffolds when the same ratio
of particles was added [53]. The reason is that the compressive strength and hardness of
B-TCP were smaller than those of nHA. The results also indicated that the PCL/nHA /-
TCP scaffold had a larger value of the elastic modulus due to this scaffold possessing a
larger ratio of nHA particles. The elastic modulus of human cancellous bone is in the
range 0.1-4.5 GPa [58,59], and the different composite scaffolds in this study were all in
this range.
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Figure 2. SEM images of (a) poly-e-caprolactone (PCL), (b) PCL/nHA-3, (c) PCL/3-TCP-3, (d) PCL/nHA /B-TCP-6 scaffolds.
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Table 1 reveals that the contact angles of the samples provided by the PCL/nHA,
PCL/B-TCP, and PCL/nHA /-TCP scaffolds had better hydrophilic properties compared
to the PCL scaffold. The improved hydrophilic properties were achieved by the high
specific area of the NPs [14,53,57,60]. The nHA and 3-TCP NPs were more hydrophilic.
Results also revealed that the contact angle of the composite scaffold with a high ratio of
ceramic powder (nHA, 3-TCP, or nHA /3-TCP) was smaller than that of the composite
scaffold with a low ratio of ceramic powder. The contact angle of the PCL/nHA scaffold
was a little smaller than that of the PCL/-TCP scaffold which had the same ratio of nHA
or 3-TCP.

3.2. Degradation Test of the Scaffolds

Variations in the degradation rates of the scaffolds were studied by performing a
degradation test for 15 weeks. The weight loss and pH variation of the scaffolds were
measured. Figure 3 illustrates the time histories of weight loss of the PCL, PCL/nHA,
PCL/B-TCP, and PCL/nHA /B-TCP scaffolds. Results revealed that the PCL scaffolds
exhibited a slow degradation rate. The maximum weight loss of PCL scaffolds was approxi-
mately 27.6%. Additionally, weights of the PCL/nHA, PCL/3-TCP, and PCL/nHA /3-TCP
scaffolds had obviously decreased after 1 week. The weights of the PCL/nHA-3 and
PCL/3-TCP-3 scaffolds eventually decreased to approximately 60% after 15 weeks. Weight
loss and degradation of the scaffolds obviously decreased as the ratio of the ceramic pow-
der increased. The weight loss of the PCL/nHA, PCL/B-TCP, and PCL/nHA/{3-TCP
scaffolds had increased by at least 20% by the end of the 15th week. The rank of weight
loss was as follow: PCL/nHA-2 < PCL/nHA-1 < PCL/nHA-3. The PCL/nHA-2 scaffold
had the smallest weight loss. The rank of weight loss revealed that the PCL/3-TCP-2<
PCL/B-TCP-1< PCL/B-TCP-3. The PCL/3-TCP-2 scaffold exhibited the smallest weight
loss. The rank of weight loss was as follow: PCL/nHA /3-TCP-6 < PCL/nHA/p-TCP-5 <
PCL/nHA/B-TCP-3 < PCL/nHA/(-TCP-1 < PCL/nHA/B-TCP-4 < PCL/nHA /3-TCP-2.
The smallest weight loss was for the PCL/nHA /3-TCP-6 scafflid. The low degradation
rate of the PCL scaffold was expected because it is highly crystalline and hydrophobic. The
degradation rate of the composite scaffolds (PCL mixed with ceramic powders) inevitably
increased because they were highly hydrophilic.

PCL
—e—PCL/nHA-1
] —*—PCL/nHA-2
| —e=PCL/nHA-3

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (Week)

(a) PCL, PCL/nHA-1, PCL/nHA-2, PCL/nHA-3.
Figure 3. Cont.
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(c) PCL, PCL/nHA/B-TCP-1, PCL/MHA/B-TCP-2, PCL/nHA/B-TCP-3, PCL/nHA/B-TCP-4,

PCL/MHA/B-TCP-5, PCL/nHA/B-TCP-6.

Figure 3. Time histories of the relative weight loss of poly-¢-caprolactone (PCL)/nHA, PCL/B-TCP, and PCL/nHA/B-TCP

scaffold samples.

The pH variations of the PCL and composite scaffolds were determined during the
degradation test. Figure 4 indicates differences in degradation rates between the PCL and
composite scaffolds. Since (NH4)HCOj is alkaline, pH values of the scaffolds increased
in the first week. The pH values of the PCL and composite scaffolds decreased because
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pH value

10

the PCL scaffolds released carboxyl according to the degradation test. The rank of pH
values was PCL/nHA-2 > PCL/nHA-1 > PCL/nHA-3. The PCL/nHA-2 scaffold had the
highest pH value. The rank of pH values was PCL/3-TCP-2 > PCL/3-TCP-1 > PCL/ -
TCP-3. The PCL/B-TCP-2 scaffold had the highest pH value. The rank of pH values
was PCL/nHA/p-TCP-1 > PCL/nHA/3-TCP-2 > PCL/nHA/3-TCP-3 > PCL/nHA/3-
TCP-6 > PCL/nHA/{3-TCP-4 > PCL/nHA/-TCP-5. The largest pH value was for the
PCL/nHA/B-TCP-1 scaffold. The pH values of the composite scaffolds remained in the
range 6.25~7.0 during the 15-week experimental period. Such stability was expected
since nHA and 3-TCP are weakly basic and were released during degradation. These
experimental results indicated that the ceramic powder and (NH4)HCOj3 could neutralize
the acid. Since the pH values of the scaffolds remained neutral, inflammation would likely
not be induced in the human body.

—=o—PCL

—o—PCL/nHA-1
PCL/nHA-2

=o—PCL/nHA-3

0

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (Week)

(a) PCL, PCL/nHA-1, PCL/nHA-2, PCL/nHA-3.

Figure 4. Cont.
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(c) PCL, PCL/nHA/p-TCP-1, PCL/nHA/B-TCP-2, PCL/nHA/B-TCP-3, PCL/nHA/B-TCP-4,
PCL/nHA/B-TCP-5, PCL/nHA/B-TCP-6.

Figure 4. Time histories of pH values of poly-¢-caprolactone (PCL), PCL/nHA, PCL/B-TCP, and PCL/nHA/3-TCP
scaffold samples.
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Optical Density

3.3. Cell Culture

Proliferation of MG63 osteoblast-like cells cultured in the PCL, PCL/nHA, PCL/3-
TCP, and PCL/nHA/3-TCP scaffolds was measured using an MTT assay, as shown in
Figure 5. Cell proliferation increased as the cell culture time increased. After the first
day of cell culture, OD values of cell cultures in the PCL and composite scaffolds did not
significantly differ. After 7 days of cell culture, OD values of the PCL/nHA-3, PCL/§3-
TCP-3, PCL/nHA/3-TCP-5, and PCL/nHA /3-TCP-6 scaffolds were significantly greater
than those of the other scaffolds. Therefore, NPs have an important role in supporting cell
proliferation in scaffolds [61-64]. OD values of cells in the PCL/nHA, PCL/-TCP, and
PCL/nHA /B-TCP scaffolds were higher than those in PCL scaffolds, and this situation
indicated that nHA and 3-TCP contributed to cell growth. OD values of PCL scaffolds
were lower than those of other scaffolds, because the HA or 3-TCP powder improved
the hydrophilic properties, which improved cell proliferation in the scaffolds with large
amounts of these two powders [63,64]. The following was a separate comparison of the
OD values of 3D composite scaffolds containing nHA, /3-TCP, nHA/3-TCP. The rank of
OD values was PCL/nHA-3 > PCL/nHA-2 > PCL/nHA-1. The PCL/nHA-3 scaffold had
the largest OD value. The rank of pH values was PCL/3-TCP-3 > PCL/p-TCP-2 > PCL/ 3-
TCP-1. The PCL/(3-TCP-3 scaffold had the greatest OD value. The rank of OD valuea
was PCL/nHA /-TCP-6 > PCL/nHA /p-TCP-5 > PCL/nHA/p-TCP-4 > PCL/nHA/$3-
TCP-3 > PCL/nHA/3-TCP-2 > PCL/nHA/B-TCP-1. The largest pH value was situated at
PCL/nHA /B-TCP-6 scaffold.

*
1.2 -
*
mPCL
14 EPCL/mHA-1
= PCL/nHA-2
0.8 -
mPCL/nHA-3
0.6 -
0.4 -
0.2
jj
o mmmnall —
Dayl Day4 Day7

Time
(a) PCL, PCL/nHA-1, PCL/nHA-2, PCL/nHA-3.

Figure 5. Cont.
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(c) PCL, PCL/nHA/p-TCP-1, PCL/mHA/B-TCP-2, PCL/nHA/B-TCP-3, PCL/nHA/pB-
TCP-4, PCL/nHA/B-TCP-5, PCL/nHA/B-TCP-6.
Figure 5. MTT assay of MG63 cells in poly-¢-caprolactone (PCL), PCL/nHA, PCL/-TCP, and PCL/nHA/B-TCP scaffold
samples. (* p < 0.05).

Figure 6 shows the proliferation of MG63 osteoblast-like cells cultured in PCL, PCL/nHA,
PCL/B-TCP, and PCL/nHA /3-TCP scaffolds, which was measured by ALP activity. Cell
proliferation increased as the cell culture time increased. After the first day of cell culture,
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the scaffolds showed no significant differences. After 7 days of cell culture, ALP concen-
trations of scaffolds with large amounts of nHA or 3-TCP powder were higher Therefore,
NPs had an important role in supporting cell proliferation in these scaffolds [25,26]. This
study indicated that both nHA and (3-TCP contributed to cell growth. Cell attachment
and proliferative behavior of the scaffolds depend on their biocompatibility. According
to the ALP activity, the biocompatibilities of the scaffolds were in the following order:
PCL/nHA-3, PCL/p-TCP-3, PCL/nHA/3-TCP-6 > other scaffolds. The following is a
separate comparison of ALP activities of the 3D composite scaffolds containing nHA,
/B-TCP, nHA /3-TCP. The rank of ALP activity values was PCL/nHA-3 > PCL/nHA-2 >
PCL/nHA-1. The PCL/nHA-3 scaffold had the biggest OD value. The rank of ALP activity
values was PCL/B3-TCP-3 > PCL/B-TCP-2 > PCL/3-TCP-1. The PCL/B-TCP-3 scaffold
had the largest OD value. The rank of ALP activity values was PCL/nHA/B-TCP-6 >
PCL/nHA/B-TCP-5 > PCL/nHA/3-TCP-3 > PCL/nHA/-TCP-4 > PCL/nHA/3-TCP-2
> PCL/nHA/{3-TCP-1. The largest ALP activity was for the PCL/nHA /3-TCP-6 scaffold.
Cell culture results revealed that the PCL/nHA and PCL/3-TCP scaffolds were suitable
for culturing MG63 osteoblast-like cells [63,64].

0.5 - N
0.45 - = PCL

0.4 - EPCL/mHA-1

0.35 - # PCL/mHA-2

=
[

EPCL/nHA-3

ALP activity (ng/50pl)

0.2
0.15
0.1
0.05
0
Day1 Dav4 Day7
Time

(a) PCL, PCL/nHA-1, PCL/nHA-2, PCL/nHA-3.
Figure 6. Cont.
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PCL/nHA/B-TCP-4, PCL/nHA/B-TCP-5, PCL/nHA/B-TCP-6.

Figure 6. Alkaline phosphatase (ALP) activities of MG63 cells in poly-e-caprolactone (PCL),
PCL/nHA, PCL/B-TCP, and PCL/nHA /-TCP scaffold samples. (* p < 0.05).
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Figure 7 shows the evolution of the morphology of MG-63 osteoblast-like cells (SEM
images) cultured in PCL, PCL/nHA-3, PCL/-TCP-3, and PCL/nHA /3-TCP-6 scaffolds
for 1, 4, and 7 days. Cells had adhered after 1 day. It was noted that cells presented a round
morphology. After 4 days of cell culture, cell filopodia had combined together as shown
on SEM images. Cells had proliferated in pores of the scaffolds. Results indicated that
the scaffolds were suitable for cell attachment. After 7 days, MG-63 osteoblast-like cells
were spread throughout the PCL scaffolds. The study results also revealed that cells had
formed a cell layer in the PCL/nHA-3, PCL/3-TCP-3, and PCL/nHA /3-TCP-6 scaffolds.
The PCL/B-TCP-3 and PCL/nHA /3-TCP-6 scaffolds were full of layer upon layer of cells.

Day1 Day 4 Day 7

(a) PCL

(b) PCL/nHA-3

(c) PCL/B-TCP-
3

(d) PCL/nHA/B
-TCP-6

<008 PRaG

Figure 7. SEM images of the various scaffolds after cell culture: (a) poly-e-caprolactone (PCL),
(b) PCL/nHA-3, (c) PCL/B-TCP-3, and (d) PCL/nHA /B-TCP-6.

4. Conclusions

This study successfully used an improved solvent-casting /particulate-leaching method
to fabricate PCL, PCL/nHA, PCL/3-TCP, and PCL/nHA /3-TCP porous scaffolds. All scaf-
folds had well-interconnected structures and their pore sizes were in the range 250~400 pm.
PCL/nHA, PCL/3-TCP, and PCL/nHA /3-TCP scaffolds had greater porosities (>80%) in
this study. nHA and 3-TCP powders were exposed and evenly dispersed on the scaffold
surfaces. The elastic modulus of different composite scaffolds (0.15~1.865 GPa) matched the
elastic modulus of human cancellous bone (0.1~4.5 GPa). After mixing in nHA or 3-TCP
powder, the surface properties of the scaffolds changed from hydrophobic to hydrophilic.
Weight loss clearly revealed accelerated degradation of the composite scaffolds. pH values
of the composite scaffolds remained in the range 6.25~7.0 after 15 weeks. In vitro cell
culture revealed that osteoblast-like MG-63 cells exhibited good attachment (according
to an MTT assay) and proliferation (according to an ALP assay) on these composite scaf-
folds. The MTT test and ALP activity also confirmed that the PCL/nHA, PCL/3-TCP,
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and PCL/nHA /-TCP scaffolds with a high ratio of ceramic particles had good in vitro
biocompatibility. The rank of ALP activity revealed that the PCL/B-TCP-3 = PCL/nHA/$3-
TCP-6 > PCL/nHA-3. Therefore, these 3D composite scaffolds were assessed to be suitable
for repairing damaged bone by stimulating bioactivity and bone cell formation. This study
had limitations in the preclinical biological characterization. In the future, studies should
emphasize ectopic examinations of biocompatibility in subcutaneous tissues (to evaluate
inflammatory and repair patterns) and orthotopic studies in bone of experimental animals
(to evaluate the osseoconductivity and osteoinductive potential). Furthermore, animal
experiments with rabbits or dogs could be used, and the results would be more accurate.
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