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Abstract

Osteoconductive function is remarkably low in bone disease in the absence of bone tissue surrounding the grafting site, or if
the bone tissue is in poor condition. Thus, an effective bone graft in terms of both osteoconductivity and osteoinductivity is
required for clinical therapy. Recently, the three-dimensional (3D) kagome structure has been shown to be advantageous for
bone tissue regeneration due to its mechanical properties. In this study, a polycaprolactone (PCL) kagome-structure scaffold
containing a hyaluronic acid (HA)-based hydrogel was fabricated using a 3D printing technique. The retention capacity of
the hydrogel in the scaffold was assessed in vivo with a rat calvaria subcutaneous model for 3 weeks, and the results were
compared with those obtained with conventional 3D-printed PCL grid-structure scaffolds containing HA-based hydrogel
and bulk-type HA-based hydrogel. The retained hydrogel in the kagome-structure scaffold was further evaluated by in vivo
imaging system analysis. To further reinforce the osteoinductivity of the kagome-structure scaffold, a PCL kagome-structure
scaffold with bone morphogenetic protein-2 (BMP-2) containing HA hydrogel was fabricated and implanted in a calvarial
defect model of rabbits for 16 weeks. The bone regeneration characteristics were evaluated with hematoxylin and eosin
(H&E), Masson’s trichrome staining, and micro-CT image analysis.
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Introduction

Bone grafts that require osteogenesis have been used for
therapeutic and functional purposes due to trauma or patho-
logical reasons. To successfully achieve osteogenesis [1,
2] in bone grafts, both osteoconduction and osteoinduc-
tion are essential. Osteoconduction involves the migration
of osteoblasts from surrounding bone tissue to the bone
graft site, and for this healthy normal cell source, bone
cells (i.e., osteoblasts) and their progenitor cells (i.e., mes-
enchymal stem cells) from the tissues must be included [3].
For better osteoconduction, approaches with osteoconductive
bioceramics [4] and synthetic materials [5] have been widely
used for bone grafts. In addition, osteoinduction (a mecha-
nism by which mesenchymal stem cells (MSCs) differentiate
into osteoblasts after migration into bone grafts) [3] can be
induced by autograft demineralized bone matrix (DBM) and
bone morphogenetic proteins (BMPs) [6]. Osteoinductive
growth factors could be a rational strategy for improved heal-
ing of poor bone conditions and bone regeneration around
bone grafting [7, 8]. For instance, the use of BMPs can
improve the osteoinductive properties of bone grafts [9].
Due to these advantages, proteins from the BMP groups are
widely used for bone regeneration studies, and BMP-2 has
been formally approved by the Food and Drug Administra-
tion (FDA) of the USA [10]. For clinical delivery of BMP-2,

InFuse® products use acellular collagen sponge (ACS) [11,
12]. However, almost all growth factors are known to be
released within 2 days [13, 14]. To facilitate the migra-
tion of osteoprogenitor cells from surrounding tissues and
to differentiate them into osteoblasts, long-term sustained
release of BMP-2 is required. Maintaining an appropri-
ate concentration of BMP-2 in the recipient area is also
important [15]. For this purpose, new three-dimensional
(3D) printing strategies have been introduced in combination
with encapsulation by microspheres [16], immobilization
of molecules by surface coating [17, 18], incorporation by
hydrogel concentration [19, 20], or hydrogel framework pat-
terns [21].

Because porous structure design is a key material factor,
features such as pore design, porosity, and interconnectivity
of 3D scaffold are important in bone grafting, along with
their biofunctions [22, 23]. Recently, Zhang et al. [24] intro-
duced a modular-type scaffold with various pore sizes for
screening osteoconduction and the osteoinduction. They con-
firmed that ectopic growth of bone at a pore size of 400 pm
and orthotopic growth of bone at a pore size of 600 pwm
were promoted. Moreover, micro/nano-micropores on the
surface of the bone graft could be fabricated in various forms
such as regular or irregular structures and support abundant
blood flow by reinforced capillary force, thereby providing
smooth delivery of nutrients and the proteins required for
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cell metabolism [23, 25]. In 2017, Lee et al. [26] introduced
a3D-printed polycaprolactone (PCL) kagome-structure scaf-
fold for bone tissue regeneration as a design strategy to
enhance mechanical performance of 3D scaffold, and the
compressive modulus and bending modulus of the fabri-
cated kagome-structure scaffold were respectively measured
to be 1.4 times and 2.3 times higher than those of the con-
ventional grid-structure scaffold. Based on the results of
the numerical analysis, it was found that the kagome struc-
ture had a higher strain energy than the grid structure and
effectively distributed the compressive stress. The grid struc-
ture was weak and had stress concentration at points where
the interface between strands started to come into contact.
This could be the main cause of interfacial delamination
between strands of the grid structure under compressive or
shear stress [27]. Recently, Cho et al. [28] showed that the
mechanical properties of kagome-structured scaffolds could
be enhanced up to approximately 120 MPa by fabricating
them with PCL-nanosized hydroxyapatite (nHA) compos-
ite material. Osteogenic activity and bone formation were
also improved by nHA particles in the composite. The 3D
kagome pattern is composed of a continuous and complex
pattern configured with a combination of hexagons and tri-
angles [29]. Thus, a 3D kagome-structure scaffold design
with excellent mechanical properties could be advantageous
for bone tissue engineering, and well interconnected open
pores based on the 3D kagome pattern could provide space
as a container to deliver hydrogels with bioactive cues. The
hydrogel could protect the encapsulated cells during 3D
multi-printing with a high melting temperature-head as well
as provide a suitable environment for the cells [30, 31]. More-
over, the hydrogel can contain soluble bioactive proteins
for sustained release [18]. For these reasons, incorporating
protein-based bioactive factors such as BMP-2 and BMP-7
into hydrogels in synthetic polymeric scaffolds could be an
effective strategy to enhance the osteoinductive potential of
bone grafting. In matrix metalloproteinase (MMP)-sensitive
HA, cultured human mesenchymal stem cells (hMSCs) with
low molecular weight (50 kDa) showed high viability for
3 days in vitro, which was a clear improvement compared
to those with high molecular weight (200 kDa). When
compared with a group to which integrin-binding domains
(Arg-Gly-Asp: RGD) peptide was added, cell proliferation
analysis showed similar levels [32]. For the PCL kagome-
structure scaffold, the results for cell proliferation and DNA
contents in vitro revealed that the PCL kagome scaffold
was superior to the PCL grid scaffold, and it was found
that smooth adhesion of early cells could be induced by
the surface roughness and wrinkles of the kagome scaf-
fold [26]. Therefore, both the PCL and MMP-sensitive HA,
as main materials of our scaffold, have been evaluated as
materials with excellent cell adhesion and very low cyto-
toxicity. However, there has not been satisfactory analysis
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of the causes that induce slow release of BMP-2 based on
pore morphology and stimulus-responsive hydrogels in 3D-
printed scaffolds. Therefore, it is still necessary to analyze
the cause of the slow release of BMP from the scaffold in vivo
[33].

In this study, PCL kagome-structure scaffold with BMP-2
containing hyaluronic acid (HA) based hydrogel was fab-
ricated by a 3D printing technique for bone regeneration.
In addition, we analyzed the geometrical and morphologi-
cal characteristics of the fabricated scaffold compared with a
conventional 3D-printed grid-structure scaffold. To evaluate
the in vivo retention capacity of the HA-based hydrogel in
the scaffold, both kagome-structure and conventional grid-
structure scaffolds were implanted subcutaneously into rat
calvaria for 3 weeks. In addition, to assess in vivo new
bone formation with the fabricated PCL kagome-structure
scaffold made of BMP-2/HA-based hydrogel, the scaffold
was implanted in a calvarial defect model in rabbits for
16 weeks.

Materials and methods
Materials

We used PCL (M,=45,000, T,=60 °C, Sigma-Aldrich,
St. Louis, MO, USA) to fabricate 3D porous scaffolds
for transplantation in animals. CATIA V5 R13 soft-
ware (Dassault systems CATIA, France) was utilized to
design the 3D scaffolds. A digital scale (HS204, Han-
sung, Republic of Korea) with 0.1 mg resolution was used
to measure the weight of the scaffold. To measure pore
size, an optical microscope (Mi-9100 ZOOM(S), Magic i,
Republic of Korea) was used. Sodium hyaluronate (Mw:
60 kDa, Korea University, Republic of Korea) was purchased
from Lifecore Biomedical. 1-Ethyl-3-(3 dimethylamino-
propyl) arbodiimidee (EDC), adipic acid dihydrazide (ADH),
and triethanolamine (TEA) were acquired from Sigma-
Aldrich (USA). 1-Hydroxybenzotriazole hydrate (HOBT)
was purchased from Fluka Chemical (Buchs, Switzer-
land). N-acryloxysuccinimide (NAS) was purchased from
Polyscience (Warrington, USA). Substance P (RPKPQQF-
FGLMC), matrix metalloproteinase (MMP)-sensitive pep-
tide (GCRDGPQGIWGQDRCG) was synthesized by Any-
gen (Gwangju, Republic of Korea). Flamma-675 (BCT-
PWS1515-MO001, Bioacts, Republic of Korea) fluorescence
and BSA (15,561,020, Thermo Fisher Scientific, USA) were
mixed with hyaluronic acid hydrogel (5 wt%) and used for
in vivo imaging system (IVIS) scanning (IVIS 200, Xenogen
Corporation, USA) to quantify hydrogel retaining ability.
Carrier-free recombinant human BMP-2 was purchased from
R&D Systems (USA).
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Preparation of biomimetic HA-based hydrogel

To prepare HA-based hydrogels degradable by secreted
MMP in cells, HA was acrylated as in previous studies [34].
The acrylated HA was dissolved in the buffer, and the MMP-
sensitive peptide was added in the same molar ratio to the
acrylic group and thiol group. The HA-based hydrogel was
formed via a Michael-type addition reaction.

Fabrication of customized PCL kagome-structured
scaffolds with HA-based hydrogels and BMP-2

To fabricate customized scaffolds for an 8-shaped defect
model, we utilized individually collected medical image data
for all populations as design references and carried out the
fabrication process according to the description in a previ-
ous study [27]. The medical images of the 8-shaped defect
model of the rabbit were acquired by computed tomography
(CT). We designed the 3D kagome-structure model (with a
height of 1.2 mm and porosity of approximately 50%) using
CATIA software. The model was assembled using the 3D
defect model reconstructed from the CT images, and an out-
line of the assembled kagome model was modified to fit
the defect morphology. A tailored 3D kagome model was
exported in stereolithography (STL) format. This STL file
was sliced using a slicing engine of the open-source software
Slic3r (version 1.2.9), and raw g-code data were generated.
During the execution of the g-code, for the path of the PED
(precision extracting deposition) head that fabricates the PCL
part of the scaffold, we predefined the nozzle size and infill
density to be 50 wm and 100%, respectively. For the path of
the syringe pump head that fabricates the hydrogel part of the
scaffold, we set the nozzle size and infill density to 500 wm
and 100%, respectively. To automatically calibrate command
errors that occur between the raw g-code and motion control
software, the raw g-code was converted to a calibrated g-code
by in-house program.

A laboratory-made 3D printer with a PED head and
syringe pump heads was used to fabricate a scaffold with
multiple materials. PCL material was melted in a barrel at
80 °C. The melted PCL material was input into the car-
tridge body in the PED head with (313+5) kPa air pressure.
The temperature of the cartridge body and ceramic nozzle
were maintained at 80 °C, and the melted PCL was extruded
through a ceramic nozzle by a rotating screw at 70 rpm
in the cartridge body. The ceramic nozzles used for fabri-
cation of the PCL kagome-structure scaffold and the PCL
grid-structure scaffold were 50 wm and 400 pwm, respec-
tively. The HA-based hydrogel was extruded by a syringe
head with a 500 wm inner-diameter needle. A heating bed
was maintained at 37 °C. We fabricated the PCL kagome-
structure scaffold with an HA-based hydrogel with BMP-2
(20 pg/mL) using these processes.

Characterization of fabricated PCL scaffold

In order to assess the in vivo retention capacity of the hydro-
gel in subcutaneous rat calvaria, we designed kagome- and
grid-structure scaffolds with predefined cylindrical shapes,
as shown in Figs. 1a and 1b. These scaffolds were fabricated
with a 3D printer with a PED head, as shown in Figs. 2a and
2b, respectively.

Equation (1) was used to define the pore size of the scaffold
as follows:

Ly+ Ly

Pore size (wm) = TR

ey
where Ly and Ly, are the lengths of the pores measured in the
vertical and horizontal directions, respectively. Pore size was
calculated by averaging the L, and Ly, values (n=5) measured
by optical microscopy.

Equation (2) was used to calculate the porosity of the scaf-
fold:

ms

Vo
— L 100, )
Vo

Porosity (%) =

where V| is the calculated volume from the apparent dimen-
sions of the scaffold, ignoring pores. ms and ppcrL are the
mass of the scaffold and the density of the PCL material
(1.145 g/cm?).

Evaluation of cell viability and proliferation in vitro

To assess cell culture characteristics of the fabricated scaf-
folds in vitro, we predefined in vitro experimental groups
as follows: Group-I and Group-II are grid-structure scaf-
fold and kagome-structure scaffold (w/o HA-based hydrogel
or BMP-2), respectively. Group-III is the PCL kagome-
structure scaffold with HA-based hydrogel, and group-1V is
the PCL kagome-structure scaffold with HA-based hydrogel
containing BMP-2, as depicted in Table S1 (Supplemen-
tary Information). For Group-I and Group-II, the fabricated
scaffolds were washed with 70% EtOH and sterilized under
ultraviolet (UV) light for 1 h. In Group-III and Group-IV,
the fabricated scaffolds were only sterilized under UV light
for 1 h. Prior to the in vitro experiment, all groups were
prewetted in phosphate buffered saline (PBS) for 1 h. Saos-2
(Osteosarcoma, P.3) cells were seeded at 5x10° cells per
scaffold. After 30 min, low glucose Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin (P/S), was
added to allow the cells to attach to the scaffold and this
was observed for 14 days. Live/dead staining (Calcein AM
and Ethidium homodimer-1, Thermo Fisher, USA) was per-
formed on 1, 7, and 14 days. Cell counting Kit-8 (CCK-8,
Dojindo, Kumamoto, Japan) was used on days 1, 3, 7, and
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Fig. 1 Illustration of the polycaprolactone (PCL) framework: a kagome-
structure scaffold, b grid-structure scaffold; cross-sectional illus-
tration: ¢ kagome-structure scaffold (beige) with hydrogel (blue),
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Fig. 2 Fabricated polycaprolactone (PCL) scaffolds: a Group A, b Group B; ¢ measured pore size (n=5), d measured porosity (n=5)

14. The images were captured at a 10x magnification with
a fluorescence microscope (Nikon, Ti2-E, Tokyo, Japan),
and a microplate reader (Thermo Fisher VarioskanTM LUX,
Waltham, MA, USA) was used for absorbance measurement.

IVIS scanning for quantification
of hydrogel-retaining capacity

To compare the retaining capacity of the hydrogel in the
fabricated PCL scaffolds, we extruded 30 wL HA-based
hydrogel in the PCL scaffolds with a multihead printing tech-
nique, as discussed in Section “Fabrication of customized
PCL kagome-structured scaffolds with HA-based hydrogels
and BMP-2". After extruding the hydrogel, we performed
gelation in a 37 °C incubator for 30 min and implanted the
hydrogel subcutaneously into rat calvaria; we then observed
the experiment for 3 weeks. For rat calvarial implanta-
tion, 6-week-old rats (Orient Bio, Republic of Korea) were
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approved by the Institutional Animal Care and Use Com-
mittee (IACUC) and acclimatized in the breeding room for
1 week. They were then used for in vivo experimentation.
After intramuscular (IM) anesthesia with zoletil (15 mg/kg)
and xylazine hydrochloride (3.5 mg/kg), rat calvarial hair
was shaved. After that, povidone-iodine solution was used
for sterilization, and a 5-cm incision was made in the skin.
After implantation of the fabricated scaffold with HA-based
hydrogel subcutaneously in rat calvaria, the skin layer was
sutured and observed once a week using an IVIS imaging
system (IVIS 200, Xenogen, USA).

To calculate the degradation rate, the projected area after
implantation was used with respect to the initial value. The
relative unit value of the projected area with respect to
implantation time was calculated using the initial projected
area. Next, we defined a linear equation for each group using
a simple linear fitting algorithm. The degradation rate was
calculated by differentiating the obtained linear equation.
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Animal preparation and surgical process for bone
regeneration

Approval for this experiment was obtained from the TACUC
of the Asan Medical Center, University of Ulsan College of
Medicine (Republic of Korea). New Zealand White rabbits
(Orient Bio, Inc., Republic of Korea) weighing approxi-
mately 2.5 kg (12-13 weeks old) were used and allowed
a l-week acclimatization period inside the cage prior to
surgery. The animals were anesthetized by intramuscular
injection of Zoletil (15 mg/kg) and xylazine hydrochlo-
ride (3.5 mg/kg). Their scalps were shaved and scrubbed
with a povidone-iodine solution to avoid contamination.
After subcutaneous injection of local anesthetic (lidocaine
hydrochloride with epinephrine 1:100,000) for hemosta-
sis and pain reduction, we exposed the calvarium with an
approximately 1.5 cm sagittal midline scalp incision using a
sterilized scalpel so that the bregma (an intersection point of
the coronal suture and sagittal suture perpendicularly) lay in
the center of the opening.

To create a bone defect at a specific position, we held the
initial defect position at 2 mm in front of the lambdoid suture
line of the calvaria. To create an 8-shaped defect, the 8 mm
circle was overlapped by approximately 1 mm. A bone defect
was created symmetrically with respect to the sagittal suture
line (2 mm apart) to produce the same 8-shaped defect on
the other side. The complex bone defect was designed into
an 8-shaped structure using two circles of the same size with
a diameter of 7 mm.

Any debris or bone chips remaining were irrigated with
sterile normal saline, and the periosteum and skin were closed
separately with 3-0 polypropylene sutures and scrubbed
with povidone-iodine solution. After the operation, com-
puted tomography images of the calvarium were taken
(CT; Siemens, Germany), and postoperative management
was conducted by intramuscular injection of ampicillin
(50 mg/kg) and ketorolac tromethamine (1 mg/kg) twice a
day for three days to prevent infection and pain, respectively.

CT scanning

CT scanning was performed on the calvarial bone at 1, 2, 4,
8, 12, and 16 weeks following implantation. The animals
were killed at 4, 8, 12, and 16 weeks after implantation.
Images were acquired using a 16-slice multidetector CT scan-
ner (SOMATOM Sensation 16, Siemens AG, Forchheim,
Germany). Parameters for CT acquisitions were adapted as
follows: tube voltage, 120 kV; current intensity, 220 mA,;
slice thickness, 0.75 mm. The in-plane resolution of this CT
protocol was estimated at 0.4 mmx0.4 mm. Axial slices
(0.1 mm thick) were reconstructed on the scanner with
an H60s medium-smooth kernel. The field of view was

100 mmx 100 mm, and the data were acquired in a 512x
512 data matrix.

Bone-volume analysis

Using the CT data, the threshold and region of interest were
set to 8-shaped defects with a diameter of 8 mm. After select-
ing a 1.0 mm thickness for measurement, the amount of new
bone volume was measured with Image] software plug-in
package (National Institutes of Health, USA). Equation (3)
was used to define the new bone formation as follows:

Vi
New bone formation (%) = Vib x 100, 3)

d

where V4 is the 3D volume of the initial defect for each
animal and Vy, means the 3D volume of the newly formed
bone within defect region at predefined time. The new bone
formation was calculated by averaging five samples.

Histology

After killing, samples were immediately fixed with 4%
(w/v) paraformaldehyde. Fixation was performed for 5 days,
and the fixed samples were decalcified in 10% ethylenedi-
aminetetraacetic acid (EDTA) for 30 days at room tempera-
ture. The decalcified samples were embedded in paraffin after
dehydration. Paraffin blocks were stained with hematoxylin
and eosin (H&E) and Masson’s trichrome by the manual
method after 3-pm-thick sectioning. H&E and Masson’s
trichrome staining were performed using the basic proto-
col. In the Masson’s trichrome images, the stained area in
the scaffold was used to analyze mineralized bone density
and collagen density, and quantification was performed with
ImagelJ software.

Statistical analysis

All data are indicated as the mean-=standard deviation. The
statistical analysis for Figs. 3c and 4b was conducted using
single-factor analysis of variance (ANOVA) via SPSS ver-
sion 22.0 software (SPSS, IBM Corporation, Chicago, IL,
USA). The statistical analysis for Figs. 6b and 6¢ (which will
be shown later) was performed with two-way ANOVA via
GraphPad Prism version 9 software (San Diego, CA, USA).
A value of p<0.05 was considered statistically significant.
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Table 1 Experimental groups for rat in vivo tests under subcutaneous
tissue

Group Scaffold HA-based hydrogel
Group A Kagome-structure +

Group B Grid-structure +

Group C - +

Results

Geometrical characteristics of the designed
scaffolds

To assess the degradation rate of the HA-based hydrogel in
the fabricated scaffold with respect to implantation time,
we determined the experimental groups as follows: Group
A and Group B were defined as the kagome-structure scaf-
fold and the grid-structure scaffold with HA-based hydrogel,
respectively. Group C was defined as the bulk-type HA-based
hydrogel, as depicted in Table 1.
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Group A and Group B were designed to have similar pore
sizes and porosities, as shown in Figs. la and 1b. The pre-
defined pore size and porosity of Group A were designed to
be 620 wm and 48.61%, respectively. Those of group B were
designed to be 530 wm and 52.18%. A local cross-sectional
illustration is shown in Figs. 1c¢ and 1d for each scaffold con-
taining hydrogel that was assembled to ideal specifications
with CAD software. To indicate the cross section of each
design, the 3D models were cut in the A-A’ and B-B’ regions.
In the A’-A” and B’-B” regions, only half of the PCL scaf-
fold (beige-colored) was removed in the thickness direction
to exhibit the complex morphology of the HA-based hydro-
gel loaded in each PCL scaffold. The exposed surface area
of the hydrogel model in the scaffold in the early stage of
degradation after transplantation is shown in red in Figs. 1c
and 1d. Each group was quantitatively analyzed, as shown
in Fig. le. The exposed areas of Group A, Group B, and
Group C were calculated to be 26.43, 92.45, and 102.2 mm?,
respectively.

We used 3D geometrical models of the kagome-structure
scaffold and grid-structure scaffold with similar porosity
and pore size to analyze the geometrical difference. As
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shown in Fig. le, the exposed surface area of Group A
was approximately 3.5 times less than that of Group B. The
exposed surface area of the hydrogel was significantly dif-
ferent between Groups A and C. The relative values of the
exposed surface area of Groups A and B with respect to Group
C were 0.26 and 0.90, respectively. The hydrogel exposure
level of Group A was designed to be approximately 26%,
which confirmed that the Group A was designed to be approx-
imately 3.5 times less than that of Group B.

Morphology of the fabricated scaffolds

The scaffolds for Group A and Group B that were fabricated
using 3D printing are shown in Figs. 2a and 2b. The Group
A scaffold had a diameter of (6.894+0.04) mm and thickness
of (1.50£0.03) mm (n=5). That of Group B was fabricated
to have a diameter of (6.85+1.28) mm and thickness of
(1.2840.04) mm (n=5). As depicted in Fig. 2c, Groups A and
B had pore sizes of (522.32+11.89) wm and (492.94+12.00)
pm, respectively. As shown in Fig. 2d, the porosity of Groups
A and B was (47.90£1.47)% and (51.27+£2.03)%, respec-
tively. The scaffolds were fabricated to have similar pore
sizes and porosities. In a previous study, the mean relative
errors of the fabricated kagome scaffold and grid scaffold
were analyzed to be 2.6% and 5.0% [35], which means that
they were fabricated with 97.4% and 95.0% accuracy com-
pared with the 3D design models.

Evaluation of cell viability and proliferation in vitro

The Saos-2 cells were cultured on the surface of the fabri-
cated scaffolds in vitro for 14 days. Live/dead staining was
performed to assess the cytotoxicity of the fabricated scaf-
folds. As shown in Fig. S1 (Supplementary Information),
the number of dead cells observed was insignificant in all
groups and high viability of the attached cells was main-
tained for 14 days. A CCK-8 assay was carried out to analyze
cell viability and proliferation over 14 days. As shown in Fig.
S2 (Supplementary Information), increased cell viability and
proliferation of the attached cells on the scaffold were mea-
sured in all groups; the proliferation rate of Group-IV was
also slightly higher than that of other groups.

In vivo degradation characteristics of HA-based
hydrogels loaded in PCL scaffolds, as measured
by IVIS analysis

To assess the in vivo degradation characteristics of HA-based
hydrogels in PCL scaffolds, we subcutaneously transplanted
the fabricated scaffolds for each group into rat calvaria. After
transplantation, the IVIS test was carried out for 3 weeks.
As depicted in Fig. 3a, the projection area for each group

Table 2 Experimental groups for the in vivo test using rabbit calvarial
defects

Group Kagome-structure HA-based BMP-2
scaffold hydrogel
Group-1 Nonimplanted defect — —
model
Group-2 + - -
Group-3 + + —
Group-4 + + +

decreased with respect to the implantation time. The HA-
based hydrogel was observed to degrade from the outer
region to the center region. For each group, the relative unit
value of the projected area was quantitatively analyzed, as
shown in Fig. 3b. Based on this result, the degradation rate
was analyzed for the full transplantation period, as shown in
Fig. 3c. The calculated degradation rates for Groups A, B,
and C were 0.18£0.06, 0.34+0.02, and 0.2940.05, respec-
tively.

Assessment of new bone formation with micro-CT
analysis

To assess the osteogenesis of the PCL kagome-structure scaf-
fold with HA-based hydrogel containing BMP-2, in vivo
experimental groups were predefined as follows: Group-1
had a nonimplanted defect model as a negative control group,
Group-2 had the PCL kagome-structure scaffold (w/o HA-
based hydrogel or BMP-2) as a control group, Group-3 had
the PCL kagome-structure scaffold with HA-based hydrogel,
and Group-4 had the PCL kagome-structure scaffold with
HA-based hydrogel containing BMP-2, as depicted in Table
2. In Fig. 4b, the respective new bone volumes in Group-
1 and Group-2 were (14.094+6.02)% and (40.43+£11.99)%
after four weeks, (22.03+13.07)% and (50.33+17.29)%
after eight weeks, (28.63+14.09)% and (55.44+13.98)%
after 12 weeks, and (40.01+17.99)% and (61.274+14.35)%
after 16 weeks. The respective new bone volumes in Group-
3 and Group-4 were (32.01£4.74)% and (65.59+10.21)%
after four weeks, (49.51+£14.64)% and (77.02+£16.25)%
after eight weeks, (67.46+11.10)% and (82.07£14.54)%
after 12 weeks, and (74.42+12.14)% and (85.64+15.12)%
after 16 weeks.

Histological analysis

In the histological evaluation shown in Fig. 5, serious inflam-
mation or infection was not observed at the graft site for
16 weeks. As seen in the figure, newly formed bone was
observed with Masson’s trichrome staining in all groups at
4 and 16 weeks. In Group-3, woven bone and extracellular
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Fig.5 Histologic evaluation was

performed on the rabbit calvaria (a)
defect model at 4 and 16 weeks

with Masson’s trichrome staining

(1.25x%). The black dotted lines

indicate the area where the

kagome-structure scaffold was

implanted, and the yellow dotted

lines indicate the region of the

magnified images; a Group-1:

non-defective implanted model,

b Group-2: kagome-structure

scaffold, ¢ Group-3:

kagome-structure scaffold with (b)
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matrix (ECM) were observed. The woven bone formed in
large regions inside the scaffold in Group-4. Moreover, we
confirmed that mineralized bone had formed at 16 weeks
inside the scaffold that was loaded with BMP-2/HA-based
hydrogel. In Fig. 6, histologic findings for Group-3 show
that osteoblasts and osteocytes were significantly activated
around the bone marrow tissue. The newly formed bone
in Group-3 was immature compared with that in Group-4,
meaning that new bone formation in Group-4 could be gen-
erated more actively than in Group-3. As depicted in Fig. 6,
lamellar bone was observed at 16 weeks in Group-2, Group-3,
and Group-4. In addition, mineralization was evident around
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the blood vessels in the center of the newly formed bone
tissue.

Discussion

In this study, we loaded an HA-based hydrogel containing
BMP-2 in the PCL kagome-structure scaffold to support
the osteoinductive effect for bone regeneration. Theoreti-
cally, when the hydrogel in the scaffold is implanted in the
body, the hydrogel degrades with time due to the phys-
iological environment surrounding the scaffold [36]. The
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Fig.6 H&E and Masson’s trichrome staining were carried out at 4 and
16 weeks of the rabbit calvarial defect model (40 x). a The black arrows
indicate the regions of the blood vessel, and the black dotted lines

HA-based hydrogel applied in this study has the charac-
teristic of stimulus-responsive degradation. In other words,
because it is degraded by MMP secreted from cells, the level
of degradation can depend on the level of exposure to sur-
rounding cells [37]. Degradation of hydrogels by MMP is
known to regulate cell survival and differentiation and also
plays an important role in tissue regeneration and remodeling
[38]. In addition, one can induce migration of cells required
for tissue regeneration into the hydrogel [39]. The migrated
cells act continuously as the main source of hydrogel degra-
dation and promote cell adhesion and delivery of nutrients
necessary for cells. At the same time, differentiation of stem
cells into bone cells is induced by the release of BMP-2 incor-
porated in the hydrogel [40]. However, at least 4 weeks are
required for successful osteoinduction by controlled release
of BMP-2 at the region for regeneration [41].

To induce slow release of the growth factor, the approach
of using only hydrogel could be markedly more sensi-
tive in controlling physicochemical properties [42]. Several
patterned structures of the 3D scaffold could affect the degra-
dation characteristics of contained HA-based hydrogel. The

o
>

Mineralized bone density
©
n

4 Weeks

16 Weeks

indicate the lamellar bone (scale bar: 100 pwm), b collagen density,
and ¢ mineralized bone density (n=4, *p<0.05 vs. Group-4, ~*p<0.01
vs. Group-4, “**p<0.001 vs. Group-4)

geometry of the hydrogel in the scaffold depends on the
shape of the inner pores. Therefore, the exposure level of
the hydrogel to surrounding tissue is related to the area or
exposure morphology of the scaffold pores. In the case of
a grid-patterned scaffold containing hydrogel, the hydro-
gel can be contained by adjusting the distance between the
strands [43, 44]. However, this could be a pattern that is
unable to produce a long drug release time for a design
that features a large exposed area of the contained hydro-
gel. As shown in Figs. 1c and 1d, the kagome structures
cover a significant surface area of the hydrogel compared
with the grid structure, while the exposed area is limited,
as depicted in Fig. le. This means that the exposed sur-
face area of the hydrogel contained in the scaffold can be
effectively controlled by the 3D printing technique. On the
other hand, the hydrogel exposure level of Group B was con-
firmed to be approximately 90%. This means that there was
not a significant difference between Group B and Group
C. This result could be caused by a high degradation rate
of the hydrogel in the early stages of implantation. There-
fore, the design of the kagome-structure scaffold could be
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more advantageous than a conventional grid-structure scaf-
fold as a container for inducing delayed degradation of the
HA-based hydrogel, which could lead to slow release of the
BMP-2 contained in the HA-based hydrogel. Additionally,
since HA-based hydrogels with the aforementioned stimulus-
responsive degradation characteristics have a degradation
rate dependent on the tissue regeneration rate, burst degrada-
tion of the HA-based hydrogels could be prevented while
also being ideal for tissue regeneration [34]. Because we
considered both physical and biochemical strategies, it was
possible to achieve slow release in vitro for at least three
weeks, a length of time which is effective at bone regener-
ation sites where growth factors are required. In the results
of the in vitro test, although there were no statistically sig-
nificant differences between groups over the short periods
considered here, cell proliferation in Group-IV was slightly
better compared with other groups, and the addition of HA
or BMP did not negatively affect cell viability and prolifer-
ation (see Figs. S1 and S2 in Supplementary Information).
This may mean that the burst release of the drug contained
in Group-IV did not occur during the in vitro culture period;
another possible cause is the absence of metabolism in the
in vitro microenvironment. Therefore, the developed is suit-
able for in vivo transplantation of the developed scaffolds,
and long-term in vivo experiments could be more suitable
for identifying differences between groups.

In the in vivo environment, as the MMP-sensitive pep-
tide acting as the cross-linker in the HA-based hydrogel is
broken by surrounding cells, the stiffness of the hydrogel
gradually decreases. This can cause swelling of the hydro-
gel at the early stage of implantation. The swelling of the
hydrogel allows more inflow of soluble factors (such as the
MMP) and more cell migration. Eventually, degradation of
the hydrogel is promoted. The volume of HA-based hydrogel
in all groups increased in the projected area after 1 week (see
Figs. 3a and 3b). We assume that this is due to the influence
of the swelling properties of the HA-based hydrogel. Kim
et al. [34] showed that HA-based hydrogels in vitro can have
swelling ratios above 200%. We analyzed the increase in the
projected area due to swelling and found that Group C had the
highest increasing slope and Group A had the lowest. There-
fore, the degree of swelling in the HA-based hydrogel at the
early stage of implantation depends on the exposed surface
area of the scaffold, which depends on the scaffold design.
The degradation profile of the HA-based hydrogel could be
related to the release profile of drugs encapsulated in the
hydrogel [45]. As shown in Fig. 3c, the degradation rates of
Group B and Group C were not significantly different, and
most of them were degraded 3 weeks after implantation. On
the other hand, Group A had the lowest degradation rate of
approximately 51.7% in comparison with Group B. Although
Groups A and B had similar porosities, their degradation
rates were significantly different. That can be understood as a
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characteristic of 3D pore design structure which was more
open to surrounding tissue in Group B. Diffusion of the inter-
nal material in the grid-structure scaffold can occur relatively
quickly. In Group A, the morphology of the interconnected
pores could be described as a structure that induces a low
degradation rate of the hydrogel with respect to implanta-
tion time. Consequently, the slow degradation rate of the
HA-based hydrogel in the PCL scaffold in vivo could be
induced by the high hydrogel-retaining capacity of Group
A. Because of the degradation characteristics of the hydro-
gel, the components in the HA-based hydrogel contained
in the kagome-structure scaffold can be released slowly
compared to release that from the grid scaffold relatively.
Minimizing the diffusion rate of BMP-2 from the delivery
system is known to be desirable for bone-tissue regeneration
[46]. Moreover, the custom-fitting ability of the kagome-
structure scaffold has been shown to be superior to that of the
grid-structure scaffold [27]. For these reasons, the kagome
scaffold structure can be described as a progressive design
that could provide enhanced bioactive function compared
with the conventional grid-structure scaffold for bone-tissue
engineering.

Growth factors required for tissue regeneration are
secreted and applied differently at each stage. For exam-
ple, BMP-2 or BMP-4 is secreted during the initial 2 weeks
required for bone regeneration [47, 48]. To increase its bone
regeneration effect, it is necessary to maintain the growth fac-
tor at the regeneration site for 4 weeks [49]. However, there
have been reports of problems with initial burst release in
which 95% of the growth factors are released within the ini-
tial 2 weeks in materials used in clinical treatment [50-52].
In the in vivo new bone formation results, the bone regener-
ation of the kagome-structure scaffold loaded with BMP-2
was significantly faster, as shown in Figs. 4a and 4b. Not only
was the new bone formation of Group-4 approximately 4.4-
fold, 1.5-fold, and 2.0-fold higher, respectively, than that of
Group-1, Group-2, and Group-3 at 4 weeks, but we also con-
firmed that most of the defect space had already been filled
with newly created bone at week 8. In Group-4, a similar
trend can be seen in the in vitro experimental result (Group-
IV in Fig. S2 in Supplementary Information). In addition,
the influence of abundant cells and metabolism around the
implantation site in the body could have affected growth-
factor release in Group-4. Figure 6a shows that the amount of
initial bone formation was successfully enhanced by retain-
ing the BMP-2/HA-based hydrogel for at least 3 weeks. As
depicted in Figs. 4b and 6b, both the initial bone formation
and collagen density are high. We confirmed that there was
much mature bone formation at 16 weeks (Fig. 6¢); thus, eval-
uating the bioactive effect of the fabricated systems, such as
Group-III and Group-IV, could be advantageous for recon-
struction of large-volume defects. In a previous study [28],
kagome-structure scaffold using the PCL/bioactive ceramic
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composite did not show a clear difference from the defect
group at the 4th week. Thus, the scaffold developed in this
study appears to be very effective for bone regeneration.
According to Ku et al. [33], the rate of new bone formation
in the PCL kagome scaffold implanted as an onlay graft on
rat calvarial bone can be boosted by an HA-based hydrogel
system with BMP-2 (HA/BMP-2). However, they suggested
that it would be advisable to analyze the effect of slow-release
BMP-2 from a kagome-structure scaffold system with the
HA/BMP-2. In this study, it was proved that the kagome-
structure scaffold including HA-based hydrogel with BMP-2
is significantly effective for bone regeneration, from both
the design and material points of view. In future studies, it
may be necessary to develop mechanical performance similar
to the surrounding tissue by applying a bioceramic-polymer
composite material, and to develop a vascular induced scaf-
fold (essential for large-area bone reconstruction) by adding
angiogenic growth factors into the hydrogel system.

Conclusions

In this study, we induced a slow release rate of growth
factor using both the geometrical strategy of a 3D scaf-
fold and the chemical strategy of an HA-based hydrogel
with MMP-sensitive peptide. To enhance osteoinductivity,
we fabricated PCL kagome-structure scaffold with BMP-
2/HA-based hydrogel, using a 3D printing technique. Based
on our results, we would like to highlight the following
key characteristics of the fabricated kagome-structure scaf-
fold for bone regeneration. First, the hydrogel is better
retained in the kagome-structure scaffold than in the con-
ventional grid-structure scaffold. In terms of drug delivery,
the kagome-structure scaffold could be structurally advan-
tageous. Second, kagome-structure scaffolds loaded with
BMP-2/HA-hydrogel effectively induce new bone forma-
tion. In particular, the induced osteogenesis performance is
maintained at a high level from the early stage. As a remain-
ing challenge, further research could be done on inducing
sustained release of bioactive factors for more than 4 weeks
by controlling the pore design or hydrogel properties; this
would allow customization for various types of patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00219-x.
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