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Abstract Three dimensional tissue engineered scaffolds
for the treatment of critical defect have been usually fabri-
cated by salt leaching or gas forming technique. However, it
is not easy for cells to penetrate the scaffolds due to the poor
interconnectivity of pores. To overcome these current lim-
itations we utilized a rapid prototyping (RP) technique for
fabricating tissue engineered scaffolds to treat critical
defects. The RP technique resulted in the uniform distribu-
tion and systematic connection of pores, which enabled cells
to penetrate the scaffold. Two kinds of materials were
used. They were poly(e-caprolactone) (PCL) and poly
(D, L-lactic-glycolic acid) (PLGA), where PCL is known to
have longer degradation time than PLGA. In vitro tests
supported the biocompatibility of the scaffolds. A 12-week
animal study involving various examinations of rabbit
tibias such as micro-CT and staining showed that both PCL
and PLGA resulted in successful bone regeneration. As
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expected, PLGA degraded faster than PCL, and conse-
quently the tissues generated in the PLGA group were less
dense than those in the PCL group. We concluded that
slower degradation is preferable in bone tissue engineering,
especially when treating critical defects, as mechanical
support is needed until full regeneration has occurred.

1 Introduction

Tissue engineering can provide a way to regenerate damaged
tissue [1]. A successful outcome requires the interactions of
three major elements: a scaffold, cells, and the environment.
It may be necessary to culture cells or stems cells on the
scaffold before it is transplanted into the desired position for
in vitro tests [2, 3]. However, as culturing cells before
transplantation can have unexpected risks, the procedures
should be minimal for clinical application. Therefore,
insertion of the scaffolds without cells expecting recruitment
of cells from neighborhood can be more close to clinical
application. Biodegradation of the scaffold in vivo must also
be considered [4, 5]. A polymer-based biocompatible
material that eventually degrades when new tissue is gen-
erated is optimal [6]. Treatment of critical defects requires
the regeneration of a three-dimensional (3D) structure. This
study examined the use of a 3D scaffold as a bone substitute
for treating critical defects without prior in vitro cell culture
and tested the degradability of two polymers.

Several techniques for manufacturing polymer-based
scaffolds have been introduced [7]. Preferably, a 3D scaf-
fold should provide internal spaces for cells growth in
order to generate a matrix. Popular techniques for accom-
plishing this include salt leaching [8] and gas foaming
[9, 10]. These techniques can utilize most polymer types
and make it relatively easy to control pore size and
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porosity. In addition, using various polymerization meth-
ods, the strength of the scaffold can be controlled within a
certain range. However, poor pore inter-connectivity can
prevent cells from penetrating the innermost part of the
scaffold, even though the cells adapt on the surface [11, 12].

To overcome these limitations, the rapid prototype (RP)
manufacturing technique was recently introduced for fabricat-
ing 3D scaffolds. Utilizing computer-aided design (CAD)
software the RP technique was invented at MIT in 1993 (US
Patent 5,204,055) as bioplotter or Fused Deposition Modeling
(FDM). Based on this technique fully interconnected scaffolds
with various bio-polymer have been able to be fabricated
by feeding 3-dimensional data to the CAM (Computer-
Aided-Manufacturing) system and tested. The pore size and
overall shape can be controlled, and pore inter-connectivity can

be enhanced. The strength of a scaffold can also be controlled
within a certain range, depending on how the strands are fab-
ricated. Specifically PCL has been widely used in fabricating
3D scaffolds with or without various nanoparticles [12—15].
The biodegradability of scaffold material must meet the
demands at the site of the critical defect, and the speed of
degradation should match the speed of regeneration. The
most popular polymers used in tissue engineering are
polylactic acid (PLA), polyglycolic acid (PGA), and poly
(e-caprolactone) (PCL). A combination of PLA and PGA
(PLGA) is used widely because of its proven biocompati-
bility and biodegradability, and the degradation rate can be
adjusted by varying the amount of each monomer type [6].
PCL degrades relatively slowly owing to its hydrophobic
nature, but it displays relatively higher ductility [16, 17].

Fig. 1 The RP system and polymer scaffolds. a A scaffold with a controllable internal 3D morphology being fabricated. b Geometry and surface
morphology of the PCL. ¢ Geometry and surface morphology of PLGA scaffolds
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Recently PLGA made by RP technique for bone tissue
regeneration was reported [18]. However, they made 3D
scaffolds in different structural morphology then used the
scaffolds in animal study. No animal study which adopted
PCL and PLGA to compare their outcomes has been reported.

Therefore, the evaluation of RP technique based scaffolds
made of different material types through in vitro and animal
study for bone tissue engineering is worth to be studied. For this
the present work examined 3D scaffolds made of two different
materials, PLGA and PCL. The RP technique was used to
control pore size and inter-connectivity in order enhance
osteoconduction into the depths of the scaffold. The scaffolds
were evaluated in vitro and in a 12-week animal study.

2 Materials and methods
2.1 Preparation and in vitro testing of scaffolds
2.1.1 PCL and PLGA scaffold preparation

Biodegradable PCL (molecular weight, 43,000-50,000;
Polysciences, Warrington, PA, USA) and PLGA (PLGA
50:50 molecular weight, 83,000; Lakeshore, Birmingham,
AL, USA) were used. A 3D RP system (M4T, Korea) was
used to fabricate the scaffold designed using a CAD system
(Fig. 1a). The polymer beads inside the heating cylinder
(dotted circle in Fig. la) were heated electrically to
110 °C, and the hot polymer solution was extruded through
a 350 pm-diameter nozzle under a pressure of 670 kPa.
The fabrication was performed at room temperature while
the cylinder temperature was kept 110 °C. The detailed
morphology of each scaffold was observed using field
emission scanning electron microscopy (FE-SEM; Hitachi,
Tokyo, Japan) (Fig. 1b, c).

2.1.2 Mechanical testing of scaffolds

The mechanical strength of PLGA and PCL scaffolds mea-
suring 10 x 10 x 5 mm?, which is larger than the scaffolds
used in the animal study, was measured with a compression
test (RB Model 302 ML; R&B, Daejeon, Korea). Using
customized jigs, five specimens of each scaffold type were
tested at a displacement rate of 0.5 mm/min. The average
and standard deviation of were calculated for statistical
analysis.

2.1.3 Toxicity testing of scaffolds

Toxicity tests were performed following the ISO 10993-5
guidelines. Five grams of each material (PLGA and PCL)
were treated with ultraviolet (UV) light and immersed in
50 ml of RPMI 1640 (25 mM HEPES, 25 mM NaHCO;,

300 mg/L. L-glutamine) with 10 % fetal bovine serum
(FBS) at 37 °C. L-929 cells were seeded onto 24-well
plates at 2.4 x 10* cells/300 uL with elution medium. For
the control, L-929 cells were cultured in pure RPMI 1,640
at the same cell density. After 48 h of culturing, the cells
were washed three times with Dulbecco’s phosphate-
buffered saline (DPBS), and live/dead cell staining (Live/
Dead®  Viability/Cytotoxicity Kit; Molecular Probes,
Eugene, OR, USA) and the MTT assay were performed.
For live/dead cell staining, 100 pL of reagent were added,
and images were acquired using a laser confocal micro-
scope (LSM 510 META, Zeiss, Oberkochen, Germany) at
494/517 nm excitation and 528/617 nm emission to mea-
sure calcein/EthD-1, respectively. For the MTT assay, the
cells were incubated with MTT reagent for 4 h at 37 °C,
and the absorbance at 595 nm was measured.

2.2 Animal study
2.2.1 Scaffold implantation

The animal study was carried out with approval from the
Institutional Animal Care and Use Committee of Chonnam
University, Korea. Six New Zealand white rabbits
(~1.2 kg) were assigned to each of two groups for
implantation of PCL or PLGA scaffolds. The rabbits were
anesthetized with an abdominal injection of ketamine and
xylazine, a 1.5 cm defect was made in the right tibia, and
the scaffold was implanted. A customized bone plate was
used to prevent fracture [12] (Fig. 3a).

2.2.2 Micro-computed tomography (micro-CT)
examination

X-ray images were acquired at 0, 4, 8, and 12 weeks after
implantation. Three micro-CT (SkyScanl172; SkyScan,
Kontich, Belgium) examinations were performed after
dissecting the scaffold from the rabbit tibia. The scanner
was set to a voltage of 81 kV and a current of 122 pA to
allow sufficient energy. The samples were scanned at
80 pum voxel (3D pixel) resolution with an integration time
of 120 ms, to produce reconstructed 3D images. The major
pathological parameters were measured three times during
the experiment.

2.2.3 Histological evaluation with hematoxylin and eosin
staining

At weeks 4, 8, and 12 after implantation, histological
evaluations were performed after hematoxylin and eosin
(H&E) staining. The transplanted scaffolds were removed,
fixed in 4 % paraformaldehyde, decalcified in Calci-Clear
Rapid (National Diagnostics, Atlanta, GA), embedded in
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paraffin, and sectioned on a microtome (HM430; Microm
International, Walldorf, Germany) at a thickness of 10 pm.
The sections were floated in a water bath at 40 °C, posi-
tioned on poly-L-lysine-coated microscope slides, baked
overnight at 37 °C, stained with H&E, and covered with
Permount. Images were acquired at 10x magnification
with a video microscope system (Stemi 2000; Carl Zeiss,
Germany).

2.3 Statistical analysis

All data were analyzed using SPSS (ver. 11.0 K; SPSS
Inc., Chicago, IL, USA) with one-way ANOVA. Fisher’s
least significant difference (LSD) method was adopted for
multiple comparisons. The significance level was set at
P < 0.05.

3 Results

The general shape of each scaffold type and corresponding
SEM images are shown in Fig. 1b, c. The pore size was

Fig. 2 Images of live/dead
staining of cells incubated for
2 days in the presence of PCL
(a) and PLGA (b). ¢ The results
of the MTT assay of L-929 cells
incubated with PCL or PLGA
for 1 to 3 days (n = 4)
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uniform (~ 770 and 600 pm for PCL and PLGA scaffolds,
respectively), and the pores were closely interconnected,
which should enable cells to penetrate the depths of the
scaffold. The layers showed uniform arrangement.

Live/dead staining of L-929 cells at day 2 (Fig. 2a, b)
confirmed that neither scaffold material was toxic to the
cells, suggesting that neither would cause side-effects in
vivo. The MTT assay results (Fig. 2c¢) showed normal cell
proliferation in the presence of the scaffold materials.

The apparent compressive modulus was 1.65 £ 0.52
and 2.55 + 0.11 MPa for the PCL scaffolds and the PLGA
scaffolds, respectively. They were significantly different
(P < 0.05).

The hematological parameters measured during the
experiment (Table 1) were all within normal ranges, indi-
cating that the implanted scaffolds did not cause major
hematological problems or side-effects.

Radiological observations for up to week 12 are pre-
sented in Fig. 3b. Immediately after surgery, the scaffold
images were vague because of their radiological charac-
teristics. At week 4, new bone had started to form in both
scaffold types. The PLGA scaffolds showed some loss,
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Table 1 Hematological parameters until week 12 (n = 6 for each group)

Parameter Normal range 4 weeks 12 weeks

PCL PLGA PLGA PCL PLGA

WBC (10*/mm?) 5-13 5.45 + 042 6.35 £ 0.77 5.45 + 0.35 6.35 + 1.48 795 + 1.34
RBC (10°*/mm?) 3.8-7.9 4.81 + 0.36 5.45 £ 0.07 527 £ 038 5.01 &+ 1.49 5.8 +£0.24
Hemoglobin (g/dl) 9.4-17.4 10.4 £+ 1.76 10.25 +2.33 11.15 +£ 0.35 10.55 £+ 2.89 11.9 &+ 0.56
Hematocrit (%) 30.0-53.0 30.45 £ 2.26 34.25 + 0.07 34.65 + 0.63 30.85 £ 9.26 35.85 £ 2.75

WBC white blood cells, RBC red blood cells

0wk 4 wk 8 wk

12 wk

]

Fig. 3 Images illustrating the surgical technique for implanting
scaffolds and radiological image. a A custom-designed bone plate
was used to prevent fracture. b Radiological observations of the (top

panels) PCL at 0, 4, 8, and 12 weeks after implantation. ¢ Radiolog-
ical observations of the (bottom panels) PLGA at 0, 4, 8, and
12 weeks after implantation
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while the PCL scaffolds were still intact. From week 8 to
12, continuous bone tissue formation was observed in both
scaffold types. However, the density of the bone generated
in the PLGA group did not appear to be uniform. The
structure of the PCL scaffold remained distinct, whereas
that of the PLGA did not.

Radiological findings were supported by the micro-CT
images (Fig. 4). At week 4, the PCL scaffold was intact,
whereas the PLGA scaffold had started to degrade. At week
8, new bone tissue regeneration had started throughout the
PCL scaffold, but new bone was not seen in the PLGA
scaffold, as it continued to degenerate. Further bone regen-
eration was seen in both cases at week 12. Most parts of the
scaffold were displaced by regenerated tissue in the PLGA
group, while the PCL scaffold was still observed. Never-
theless, tissue regeneration occurred inside the PCL scaffold.

Microscopic observations of H&E stained preparations
revealed the new bone tissue formation in more detail
(Fig. 5). At week 4, new bone formation was seen throughout
the scaffold structure in the PCL group. Although new bone
formation was evident in the PLGA group, the scaffold
structure itself was difficult to see; in addition, the density of
the newly formed tissue was not uniform. Continuous new
bone formation was observed in the PCL group. Even at
week 12, the PCL structure remained, and it appeared to
guide tissue formation. By contrast, it was difficult to find
any remaining PLGA structure after week 8. Overall, new
structural compact bone tissue formation was not found in
the PLGA group compared with the PCL group.

a PCL

4wk

8wk

4 Discussion

We adopted RP technique to fabricate 3D scaffolds for
bone tissue regeneration by focusing on (1) enhanced inter-
connectivity between pores, (2) controlled pore size, and
(3) an optimal degradation rate in vivo. Two types of
polymers were used. They were PCL and PLGA, which
have different degradation rates [6]. In this study, we did
not culture cells on the scaffolds before inserting the
scaffolds into relatively large defects in rabbit tibias, in
order to simplify the tissue engineering procedure and
eliminate the additional effects of cell culture.

Scaffolds were successfully fabricated from two dif-
ferent materials by the RP technique. The pore sizes were
uniform and satisfactory, about 770 and 600 pum in the
PCL and PLGA scaffolds, respectively, and the layers
were regular throughout the thickness of the scaffold
(Fig. 1b, c). The apparent compressive modulus of PLGA
was found significantly higher than that of PCL, which is
supported by a previous report [19]. In addition we used
thicker strands and made smaller pores in the PLGA
scaffolds because we expected PLGA to degrade sooner
than PCL. Regarding to the pore size various researches
suggest that the desirable pore size for cell residence and
growth is 200 ~ 300 pm [20, 21]. However, we chose
larger pores than recommended because we implanted the
scaffolds without cells [7, 22]. Although the scaffolds
tested were cubes, any shape can be designed with the aid
of CAD [12].

b PLGA

Fig. 4 Micro-CT observations of the (left panels) PCL at 0, 4, 8, and 12 weeks after implantation (a). Micro-CT observations of the (right

panels) PLGA at 0, 4, 8, and 12 weeks after implantation (b)
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Fig. 5 Histological specimens stained with hematoxylin and eosin (x40). a Showing PCL scaffolds at 4 weeks after implantation. b 8 weeks.
c 12 weeks. d PLGA scaffolds at 4 weeks after implantation. e 8 weeks. f 12 weeks

The in vitro toxicity tests, following the ISO 10993-5
guidelines, confirmed that both types of scaffolds were
safe. In addition, cells proliferated on both materials.

Gradual new bone formation was detected on X-ray
images of both scaffolds (Fig. 3b). The scaffolds in the
PCL group, but not in the PLGA group, remained visible at
week 4 and thereafter. Scaffold degradation in the PLGA
group was confirmed on micro-CT images (Fig. 4), which
also showed that the PCL scaffolds were intact. With H&E
staining (Fig. 5), dense bone tissue was seen inside the
PCL scaffolds. Bone tissue had been generated in the
PLGA scaffolds, although no scaffold structure remained.
Moreover, the tissue generated in the PLGA group did fill
the defect uniformly. Thus, in contrast to the PLGA scaf-
fold, the PCL scaffold structure remained intact, bone tis-
sue was generated throughout the PCL structure, and the
new bone was denser in the PCL group.

As mentioned above, our scaffolds were designed for
treating relatively large defects, in which structural or
bone-like material is needed to promote the formation of
uniform, dense bone tissue. Ultimately, the implanted
material should be degraded, meaning that the rate of
degradation should match the rate of new tissue formation.

Given that PCL takes 2 ~ 3 years to degrade and could
serve as a structural guide until tissue regeneration is
completed [6, 23], PCL appears to be preferable to PLGA
for scaffold formation. However, additional material
characteristics such as brittleness and ductility should be
considered in selecting scaffold materials. The mechanical
stiffness of PCL was about 1.0 MPa lower than that of
PLGA, which has stiffness lower than that of bone [24-26].
The more brittle and less ductile nature of PLGA in addi-
tion to its faster degradation rate make it less desirable than
PCL for regeneration of large defects.

5 Conclusions

We also concluded that the RP technique is a promising tool
for manufacturing 3D scaffolds whose structural characteris-
tics better enable cells to penetrate to the center of the scaffold,
making these scaffolds more desirable for bone tissue regen-
eration, especially for larger defects [27]. While most previous
researches on 3D scaffolds made by RP technique used PCL or
PLGA alone. Even most tests were based on in vitro experi-
ments. However, we went further to animal tests for up to
12 weeks, where two promising materials were adopted. Also
we inserted the scaffolds into the defect areas without cells,
expecting recruitment of neighboring cells. Hematological
and in vitro measurements suggest that both PLGA and PCL
are safe scaffold materials, although PCL is preferable. PCL
scaffold fabricated using the RP technique for larger defect is
promising for bone tissue regeneration even without carrying
cells before insertion.
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