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Abstract

BACKGROUND: Bone growth factors, particularly bone morphogenic protein-2 (BMP-2), are required for effective
treatment of significant bone loss. Despite the extensive development of bone substitutes, much remains to be desired for
wider application in clinical settings. The currently available bone substitutes cannot sustain prolonged BMP-2 release and
are inconvenient to use. In this study, we developed a ready-to-use bone substitute by sequential conjugation of BMP to a
three-dimensional (3D) poly(L-lactide) (PLLA) scaffold using novel molecular adhesive materials that reduced the
operation time and sustained prolonged BMP release.

METHODS: A 3D PLLA scaffold was printed and BMP-2 was conjugated with alginate-catechol and collagen. PLLA
scaffolds were conjugated with different concentrations of BMP-2 and evaluated for bone regeneration in vitro and in vivo
using a mouse calvarial model. The BMP-2 release kinetics were analyzed using ELISA. Histological analysis and micro-
CT image analysis were performed to evaluate new bone formation.

RESULTS: The 3D structure of the PLLA scaffold had a pore size of 400 um and grid thickness of 187-230 pm. BMP-2
was released in an initial burst, followed by a sustained release for 14 days. Released BMP-2 maintained osteoinductivity
in vitro and in vivo. Micro-computed tomography and histological findings demonstrate that the PLLA scaffold conjugated
with 2 pg/ml of BMP-2 induced optimal bone regeneration.

CONCLUSION: The 3D-printed PLLA scaffold conjugated with BMP-2 enhanced bone regeneration, demonstrating its
potential as a novel bone substitute.
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1 Introduction

Generally, bone has the capacity to heal after minor dam-
age. However, massive bone defects caused by traumatic
injury, tumor resection, or congenital diseases cannot heal
[1]. Current approaches for treating significant bone loss
involve complex scaffolding biomaterials to fill the space
and provide mechanical support with biologically func-
tional molecules such as stem cells and bone growth pro-
teins, including BMP-2 and BMP-7. TGF-f and PDGF are
used for effective bone regeneration [2-5].

Among the various scaffold biomaterials, poly(L-lac-
tide) (PLLA) is an ideal material for generating bone
scaffolds owing to its high mechanical strength, compara-
ble to that of natural bone, excellent biodegradability and
biocompatibility, and ability to carry bioactive molecules
such as bone growth factors [6-9]. The biomimetic 3D
patterning of PLLA can be easily customized using 3D
printing technology, thereby providing an ideal microen-
vironment for diverse signaling cues that influence cell fate
and bone tissue regeneration [10-12].

Collagen, a key structural protein, is present in most
tissues and organs, including the bones. Collagen type I is
the main organic constituent of the bone extracellular
matrix and has been used for decades as a supplementary
protein in bone tissue engineering [13—15]. Therefore, it is
important to provide collagen extraneously to bone defects
to support bone formation.

BMP-2 is a potent growth factor that plays an important
role in bone regeneration. Despite its valuable role in bone
healing, its short half-life in the soluble state and the risk of
tumor formation if overdosed limit its use [16, 17].
Therefore, controlled and localized delivery of bone
growth-supporting supplementary proteins is highly desir-
able for safe and effective bone regeneration [18, 19].
However, the currently available methods for delivering
these proteins are inefficient. For example, in conventional
bone defect surgery, commercially available BMP-2 is
physically mixed with a bone graft material (e.g.,
hydroxyapatite) prior to use. However, grafted proteins
quickly dissolve in body fluids because of their inherent
hydrophilicity, which affects bone regeneration [6]. In
addition, this complex handling system increases the risk of
surgical site infection.

Herein, we developed a ready-to-use bone substitute in
which PLLA scaffolds and supplementary proteins are
efficiently complexed in one block for easy and simple use,
with the aim of enhancing bone regeneration. Strong con-
jugation of BMP-2 to the PLLA scaffold and collagen was
achieved using a molecular binder, alginate-catechol. The
bone regeneration capacity of this newly developed bone
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substitute was evaluated in vitro and in vivo using a mouse
calvarial defect model.

2 Materials and methods
2.1 Materials

PLLA powder (Mol. wt. 102,000 g/mol) (Resomer L-206)
was purchased from Boehringer Ingelheim Pharma KG
(Boehringer Ingelheim, Ingelheim, Germany). Alginate
and dopamine hydrochloride were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Alfa Aesar (Haverhill,
MA, USA), respectively. Type 1 collagen was purchased
from Sigma-Aldrich (St. Louis, MO, USA). thBMP-2 was
purchased from CGBio (Novosis, CGBio, Seoul, Korea).
The human BMP-2 ELISA kit and anti-Sp7/osterix were
purchased from Abcam (Cambridge, UK).

2.2 Methods
2.2.1 Synthesis of alginate-catechol (Alg + Ca)

Alg + Ca was synthesized using the EDC(1-ethyl-3-(3'-
dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuc-
cinimide (NHS) coupling reaction, as described in a pre-
vious  study [20].  Briefly, sodium  alginate
(1 g5 ~ 5 mmol; Sigma-Aldrich, A2033-100G) was dis-
solved in 100 mL of 0.1 M MES buffer (pH 5.2). EDC
(5 mmol) and NHS (5 mmol) were then added dropwise to
the alginate solution. After 5 min of nitrogen bubbling,
dopamine hydrochloride (5 mmol) (Alfa Aesar, Ward Hill,
MA, USA, A11136-25G) dissolved in 3 mL MES (0.1 M,
pH 5.2) was added dropwise to the alginate/EDC/NHS
solution. The reaction was allowed to proceed for 1 h at
room temperature. After the reaction, the mixture was
dialyzed against (3.5 kDa MWCO dialysis membrane) 5 L
of deionized water (pH 6) and 20 g of NaCl for 3 days.
Subsequently, the mixture was dialyzed against pure
deionized water for 4 h and lyophilized for 3 days (Fig. 1).
The as-synthesized alginate-catechol was confirmed using
"H NMR spectroscopy (AVANCE III 500, Bruker, Biller-
ica, MA, USA). The degree of substitution (DOS) of cat-
echol in alginate was determined by measuring the
absorbance at 280 nm (Aygy) using a UV-Vis spec-
trophotometer (UV-1800, Shimadzu, Japan). Various con-
centrations (0.02-0.1 mg/mL) of dopamine hydrochloride
were used to plot a standard curve for DOS calculation.

2.2.2 3D printing of the PLLA scaffold

A 3D printer (Invivo 4D2; ROKIT Healthcare, Seoul,
Korea) was used to print the PLLA scaffold. The scaffold
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Fig. 1 Synthesis and chemical structure of alginate-catechol

was printed with a thickness of 1 mm and diameter of
5 mm. PLLA plastic was extruded at a fixed temperature of
200 °C. For all supports, the speed control was set at
3 mm/s, ejection pressure was 200-300 kPa, and support
density was 15%. The porosity (%) was calculated using
the following equation.

One pore volume X Pore number in scaffold o
Total scaffold volume

Porosity (%) = 100

2.2.3 Morphological analysis of 3D-printed PLLA
by scanning electron microscopy (SEM)

The morphology of the 3D-printed PLLA scaffold was
observed using SEM (Tescan MIRA3, Brno, Czech
Republic) after coating with a thin film of gold (Quorum
QI50T ES type, FEI Hillsboro, OR, USA) at the Daegu
Gyeongbuk Medical Innovation Foundation (DGMIF). The
floor conditions were voltage, 10.0 kV; height, 9.1 mm;
and magnification, 50x. The section conditions were
voltage, 10.0 kV; height, 12.5 mm; magnification, 100x.
The side-view conditions were voltage, 10.0 kV; height,
9.1 mm; magnification, 70x.

2.2.4 Sequential coating of rhBMP-2 and collagen
on the PLLA scaffold surfaces via layer-by-layer
assembly

The PLLA scaffold was coated with an Alg + Ca solution
(0.5 mg/mL) on a rocker (50 rpm) at room temperature for
24 h. Next, the Alg 4+ Ca—coated PLLA scaffold was
coated with thBMP-2 by immersion in low concentration
(L group; 1 pg/mL) and high concentration (H group; 2 pg/
mL) at 4 °C for 24 h. After BMP-2 coating, the scaffolds
were coated with collagen via immersion in collagen type 1
(3 mg/mL).

Sequential coating of Alg + Ca, rhBMP-2, and collagen
onto the PLLA scaffold was performed twice to form

OH

m

Alginate-C

multiple layers of coating. The coated samples were then
freeze-dried overnight. The coating procedure is illustrated
in Fig. 2.

2.3 The Kkinetics of rhBMP-2 release from the 3D
PLLA scaffold

The amount of rhBMP-2 released from the PLLA scaffolds
was measured by ELISA. The PLLA scaffolds were placed
in a siliconized microfuge tube containing 1 mL of
1 x phosphate buffered saline (PBS, pH 7.4) and incu-
bated in a 37 °C water bath. The supernatant was collected
daily for 14 days and stored at — 20 °C. At the end of the
experiments, all collected samples were thawed and
quantitatively analyzed using the Human BMP-2 ELISA
Kit (ab277085, Abcam). The plates were read spec-
trophotometrically at 450 nm using a microplate reader
(SpectraMax M2, Molecular Devices, San Jose, CA, USA).
Cumulative releases were calculated as percentages of the
total incorporated proteins.

2.4 In vitro study
2.4.1 Cytotoxicity and proliferation

Cell experiments were performed using the mouse pre-
osteoblast MC3T3-E1 cell line or W-20-17 mouse stromal
cell line purchased from the American Type Culture Col-
lection (Manassas, VA, USA; CRL-2593). MC3T3-El and
W-20-17 cells were cultured in o-minimum essential
medium (o-MEM) without ascorbic acid (LMO008-53;
Welgene, Gyeongsan, Korea) and Dulbecco’s modified
Eagle’s medium containing 4500 mg/mL bp-glucose and
1500.00 mg/mL sodium bicarbonate (LMO001-05; Wel-
gene), respectively. In vitro cytotoxicity and proliferation
tests were conducted using the scaffold extracts [21].
MC3T3-El, the preosteoblast cell line, was used to test
the cytotoxicity and cell proliferation in the presence of the
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Fig. 2 Sequential coating of
collagen and BMP-2 on the
surface of the PLLA scaffold.
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PLLA scaffold. Briefly, MC3T3-El cells (7 x 10° cells/
well) were seeded into 96-well plates. The next day, the
media were replaced with a-MEM containing 10% (v/v)
released media (PBS) from the 24 h BMP-2 release kinetic
assays described in Sect. 2.3. After 48 h of culture, the
original medium was carefully removed, 100 pL fresh
medium plus 10 pL. CCK-8 solution (Dojindo, Kumamoto,
Japan) was added to each well, and the plates were incu-
bated at 37 °C in a 5% CO, atmosphere for 2 h. The
absorbance of each well was measured at 450 nm wave-
length using a microplate reader (Spectra Max M2,
Molecular Devices).

2.4.2 Induction of osteoblast differentiation and alkaline
phosphatase staining

Alkaline phosphatase (ALP) expression is known to be
increased in MC3T3-E1 osteoblastic progenitor cells and
the W-20-17 mouse stromal cell line under conditions
supporting osteocyte differentiation. MC3T3-E1 and
W-20-17 cells were seeded into 96-well plates at densities
of 1.6 x 10* and 1.3 x 10* cells per well, respectively.

@ Springer
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The next day, the culture medium was replaced with
osteogenic media (OSM; o-MEM (or DMEM) containing
10 mM B-glycerol phosphate and 50 pg/mL L-ascorbic
acid 2-phosphate), and the cells were incubated for 7 days.
The medium released from the 24 h incubation was added
at 10% (v/v) to the OSM medium. Cells treated with PLLA
alone and pure BMP-2 (200 ng/mL) were used as negative
and positive controls, respectively. Seven days after
induction, the culture medium was aspirated and the cells
were washed with physiological saline. The cells were
lysed in 1% NP-40 by freeze-thawing (— 80 °C for
30 min, followed by incubation at 37 °C for 30 min).
Absorbance at 405 nm was measured on a microplate
reader using an ALP assay kit (Takara Bio, Shiga, Japan),
according to the manufacturer’s protocol. The measure-
ments were normalized to the protein content estimated
using the BCA protein assay (Pierce, Appleton, WI, USA).
ALP activity was expressed in nanomoles of para-nitro-
phenol/min/mg protein, and ALP staining was performed
using an ALP staining kit. (BCIP/NBT, Takara Bio).
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2.5 In vivo study using a mouse calvarial defect
model

2.5.1 Animal procedures

Animal experiments were performed in accordance with
the guidelines approved by Kyungpook National Univer-
sity (approval no. 2021-0208). Male C57BL/6 mice (7-
week-old; Hyochang Science, Daegu, Korea) were used as
the critical-size calvarial defect model. Twenty-four
C57BL/6 mice were randomly divided into six groups,
housed in separate plastic cages, and allowed to adapt to
the conditions of the animal house for seven days before
surgery. Animals were anesthetized with an intraperitoneal
(i.p.) injection of sodium pentobarbital (0.3 mL; 1%;
50 mg/kg) on a super clean bench. A sagittal skin incision
was made over the scalp from the frontal bone to the
occipital bone and the skin flap, including the periosteum.
Full-thickness circular defects (5 mm diameter) were cre-
ated in the left parietal bone using a 5 mm trephine bur
(Saeshin, Daegu, Korea) with a slow dental handpiece
(Saeshin Forte 400 s). After removal of the trephined cal-
varial disk, a disc-shaped scaffold specifically designed to
fit the defects was transplanted into the defects. The
transplanted discs were loaded with different doses of
rhBMP-2 or without thBMP-2. Empty calvarial defects
were used as the negative controls (sham). The experi-
mental groups included sham, PLLA only, PLLA + col-
lagen (collagen-coated PLLA), and thBMP-2 (low and
high concentrations). Animals were housed at approxi-
mately 22 4+ 1 °C under a 12-h light/dark cycle and had
free access to tap water and a standard laboratory diet
throughout the experiment.

2.5.2 Micro-CT imaging

At four weeks post-surgery, the skulls (n = 5) were fixed in
10% neutral buffered formalin at room temperature over-
night and then stored in PBS at 4 °C until micro-CT. The
specimens were scanned using a Skyscan 1275 Scanner
(Bruker-microCT, Konich, Belgium) in high-resolution
mode (X-ray voltage, 55 kV; anode current, 200 mA;
aluminum filter, 0.5 mm; isotropic voxel size, 10 nm;
exposure time, 100 ms). Scans were performed using the
same calibration parameters and standardized reconstruc-
tions were performed using NRecon (Bruker). Datasets
were analyzed using CTAn v1.11.10.0 (SkyScan) for the
newly formed bone as well as the matching bone fragments
in the defect. For the analysis, the region of interest is
circled, and upper and lower thresholds of 160 and 60,
respectively, are selected. The cylindrical volume of
interest was defined as 5 mm in diameter and 1 mm in
height, to include all new bone formations in the calvarial

defect. Quantitative CT parameters were analyzed as the
percentage volume of new bone formed (BV/TV) [22].

2.5.3 Histological evaluation based on hematoxylin
and eosin (H&E) and Masson’s trichrome (MT)
stainings, and immunohistochemistry (IHC)

Twenty-four samples were demineralized with 10%
ethylenediaminetetraacetic acid (EDTA) embedded in
paraffin. The sections were stained with H&E and MT.
Osterix expression in the calvaria was detected by IHC
using anti-Sp7/osterix (Abcam, ab22552; 1:500) [23]. DAB
horseradish peroxidase color development kit (Beyotime,
Shanghai, China) was used to induce chromogenic reac-
tions. All tissue sections were viewed using a Zeiss Axio
Scan.Z1 digital slide scanner (Carl Zeiss, Oberkochen,
Germany) with a 20 x objective. Bone regeneration and
the area containing osteoblast cells were analyzed using
ImageJ version 1.40 (National Institutes of Health,
Bethesda, MD, USA).

2.6 Statistical analysis

Data are expressed as mean + standard deviation and were
analyzed using Student’s z-test and one-way analysis of
variance (ANOVA). A -test was used to analyze data
between two independent groups, and one-way ANOVA
was performed to analyze data among more than two
independent groups. One-way ANOVA was followed by
Tukey’s test for post hoc analysis. The results were con-
sidered significant at p < 0.05.

3 Results
3.1 Morphology of 3D PLLA scaffolds

In this study, a porous PLLA scaffold was printed using the
INVIVO bioprinter. The scaffold was fabricated with a
diameter of 5 mm, thickness of 1 mm, pore size of 400 pm
(Fig. 3A), and a grid thickness of 187-230 pum. These
layers formed at regular intervals (Fig. 3B). A cross-sec-
tional view of the structural morphology of the PLLA
scaffold was obtained using SEM after sputter-coating the
samples with gold (Fig. 3C). SEM images of the top
(Fig. 3A), cross-sectional (Fig. 3B), and side (Fig. 3C)
views are shown in Fig. 3. Our results show that a porous
PLLA structure (82% porosity) was successfully formed.
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Fig. 3 SEM images of the A
PLLA scaffold. A Top view of
the 3D PLLA scaffold. Scale
bars, 1 mm; voltage, 10.0 kV;
original magnification, 50x.

B Side view of the 3D PLLA
scaffold. Scale bars, 500 pm;
voltage, 10.0 kV; original
magnification, 70x. C Cross-
sectional view of the 3D PLLA
scaffold. Scale bars, 500 pm;
voltage, 10.0 kV; original
magnification, 100x

3.2 Release kinetics of rhBMP-2 from the 3D PLLA
scaffold

We measured the amount of BMP-2 released from the
scaffolds over 14 days. On the first day, approximately
488.25 £ 28.05 ng and 670.61 £ 62.49 ng was released

A 800 °
ke BMP-2L
600 :l E emp-2H
4001 ?
2004
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Released BMP-2 amount(ng)

- © BMP-2L
1.5 H BmP-2H
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5 6 7 8 9 10 11 12 13 14

Day

Fig. 4 Kinetic profile of BMP-2 released from scaffold. A Amount of
BMP-2 released from scaffolds containing different BMP concentra-
tions, B cumulative release of BMP-2 from scaffolds containing
different BMP concentrations
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from L and H groups, respectively (Fig. 4A). The cumu-
lative amount  released over 14 days was
617.15 £ 56.44 ng in L group and 1132.30 £ 125.78 ng
in H group (Fig. 4B). Approximately 10 ng/day of rhBMP-
2 was released from the L group, whereas 35 ng/day of
rhBMP-2 was released from the H group. Both groups
released thBMP-2 in a sustained manner over 14 days,
following an initial burst.

3.3 Bioactivity of the released rhBMP-2
in the context of in vitro osteogenic
differentiation

When performing BMP-2-release kinetic assays, the med-
ium (PBS) was replaced daily. The samples are referred to
as release media. To determine the cytotoxic effects of the
PLLA/rhBMP-2 3D scaffolds, cytotoxicity tests were per-
formed using the scaffold extracts prepared as described in
Sect. 2.4. MC3T3-E1 cells were seeded at a density of
7 x 10° cells/mL in a 96-well plate, to which a normal
medium containing 10% (v/v) scaffold eluate was added.
The media released from the PLLA and PLLA/rhBMP-2
scaffolds did not show any cytotoxic effects or significant
differences in cell proliferation (data not shown).

To determine the effect of media containing thBMP-2
on osteoblast differentiation, MC3T3-E1 and W-20-17
cells were treated with the scaffold extracts (PLLA/
rhBMP-2 with 48.8 ng/mL rhBMP-2) or thBMP-2 (0.2 pg/
mL; positive control). After 7 days of culture, ALP stain-
ing was performed to determine ALP activity. MC3T3-E1
and W-20-17 cells treated with BMP-2 or 0.2 pg/mL BMP-
2 stained dark blue (BCIP/NBT reagent) owing to
increased ALP activity (Fig. S5A). ALP activity assay also
showed that the released thBMP-2 maintained its activity
(Fig. 5B). The results show that the treatment with released
rhBMP-2 (48.8 ng/mL and 0.2 pg/mL) significantly pro-
moted osteoblast differentiation compared to the treatment
with the negative control release medium (PLLA only,
Fig. 5B). Thus, the thBMP-2 released from the scaffold
retained its activity.
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3.3.1 Micro-CT images of the newly regenerated bone

TO evaluate the bone regeneration capacity of the scaffold,
a 5 mm diameter mouse calvarial model was prepared, and
each scaffold was implanted. Animals in the sham group
and those in which PLLA, PLLA + collagen, or rhBMP-2-
coated scaffolds were transplanted were evaluated. Micro-
CT images of samples obtained 4 weeks after skull
implantation are shown in Fig. 6A. Almost no bone
regeneration was observed in the sham group, and some
bone regeneration was observed in the PLLA group. Bone
regeneration was also observed in animals in the
PLLA + collagen group. In contrast, in animals of the
rhBMP-2 group, as the concentration increased, consider-
able bone regeneration was observed along the scaffold. In
the sham group, bone formation was not observed with a
bone volume of 0.02 & 0.008 mm® (Fig. 6B). Compared
with that in animals of the sham group, bone volume was
0.10 £ 0.05 mm’ (p =0.0151) and 0.18 & 0.10 mm’
(p =0.0036) in animals of the PLLA and

§88

*kkk

*k%

PLLA Release BMP

phosphatase (ALP) activity. Data represent the mean £+ SD, N = 3.
N.C, negative control; P.C, positive control; PLLA, PLLA only
released media; Released BMP, high dose BMP-2 released media.
Significant difference: *p < 0.05; **p <0.01; ***p <0.001;
wHkky < 0.0001

PLLA + collagen groups, respectively, indicating sub-
stantial bone regeneration. However, no significant differ-
ences were observed between the groups. Moreover, bone
regeneration was observed in the group transplanted with
the L group and H group scaffolds, with bone volumes of
0.41 £ 039 mm’ (p=0.0351) and 1.12 £ 0.26 mm’,
respectively (p < 0.0001) (Fig. 6B). Animals in the H
group (p < 0.0001) exhibited markedly regenerated bone
compared with those in the PLLA group. In addition,
animals in the H group (p < 0.0001) exhibited significant
bone regeneration compared with those in the
PLLA + collagen group. Importantly, animals in the
rhBMP-2 group exhibited bone regeneration in a BMP-2
dose-dependent manner (Fig. 6B).

3.4 Histological evaluation
Figure 7 shows the results of histological analysis of the

samples retrieved 4 weeks after implantation. H&E stain-
ing did not reveal any tissue regeneration in animals in the
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Fig. 6 Micro-CT analysis. A Three-dimensional reconstructed micro-
CT of the calvarial bone defects at 4 weeks post-operation. Repre-
sentative images of the calvarial bone defect in the sham, PLLA,
PLLA + Collagen, BMP-2 L. and BMP-2 H groups. Bone regener-
ation areas are indicated by dotted lines. Scale bar, 1 mm. B Volume

sham group. Tissue regeneration was observed along the
scaffold in animals in the PLLA group; however, the tissue
thought to be bone did not regenerate. In contrast, in ani-
mals in the group in which the scaffold was coated only
with collagen, regenerated tissue growth was observed
around the existing bone. Although tissue regeneration was
confirmed, it was not significant compared with that in the
PLLA group. However, in animals from the groups
implanted with the rhBMP-2-coated scaffold, regeneration
of the bone tissue was visually confirmed (Fig. 7A).
Complementary analysis of the same tissue was performed
by MT staining (Fig. 7B), and the results revealed the
absence of collagen or bone tissue in the sham group.

In animals in the PLLA group, limited tissue regenera-
tion (2.48 + 0.30 mm?; p =0.0011) was observed com-
pared to that in animals in the sham group. Bone
regeneration was clearly observed in animals of the
PLLA + collagen group (3.09 + 0.58 mm?; p < 0.0001),
compared to that in animals of the sham group. However,
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PLLA+
collagen

BMP-2L BMP-2 H

of the newly regenerated bone at each time point. Data are expressed
as mean £ SD (n=4). Significant difference: *p < 0.05;
**p < 0.01; ***p < 0.001. Sham, sham control; PLLA, PLLA only;
PLLA + Collagen, collagen-coated PLLA; BMP-2 L, PLLA con-
taining 1 pg BMP-2; BMP-2 H, PLLA containing 2 pg thBMP-2

no difference was observed in the degree of bone regen-
eration in the PLLA group.

In contrast, animals transplanted with rhBMP-2-coated
scaffolds exhibited significant bone regeneration compared
with those in the sham group (Fig. 7C). In animals of the L
group, the regenerated new bone areas were
3.68 + 0.96 mm? (p = 0.0003) compared to those in the
sham control, and the bone areas in animals of the H group
were 4.49 + 1.52 mm? (p = 0.0002). These results indi-
cate that PLLA is capable of supporting bone regeneration
on its own, and that PLLA and rhBMP-2 act synergistically
to enable bone regeneration.

IHC of osteoblasts revealed the formation of new bone
(Fig. 8). Osteoblast-positive cell area was
0.24 + 0.56 mm?> (Fig. 8A) in the sham group and
0.48 + 0.68 mm? and 0.80 + 1.38 mm?, respectively in
PLLA and PLLA + collagen groups. In addition, a syn-
ergistic effect of PLLA and thBMP-2 was observed in the
L group; these animals exhibited an osteoblast-positive
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Fig. 7 Histomorphology analysis of the calvarial defects 4 weeks
post-operation. A Representative H&E staining images of calvarial
bone sections from animals of each group. B Representative MT
staining images of calvarial bone sections from animals of each
group. Calvarial bone sections were collected at post-operative week
4 and stained using H&E and MT. Representative sections with
higher magnification from each group are shown. Scale bar, 500 pm.
C Quantitative measurements were made using the MT-stained

images. The new bone formation area in the calvarial defect site was
measured, and the ratio of the bone matrix within the callus was
calculated. Data are expressed as the mean £ SD (n =4), and
original magnification was 20x. The area of tissue regeneration is
indicated by a black dotted line. *p <0.05; **p <0.01;
**%p < (0.00l. Sham, sham control; PLLA, PLLA only;
PLLA + Collagen, collagen-coated PLLA; BMP-2 L contained
1 pg thBMP-2; BMP-2 H contained 2 pg thBMP-2
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Fig. 8 IHC to evaluate the A
expression of osteoblast factor
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area of 2.04 + 1.69 mm? (p = 0.05), but this was not sig-
nificantly different from that observed in the sham group.
Animals in the H group (5.62 + 2.32 mm?; p = 0.004) had
significantly increased osteoblast-positive areas compared
to those in the sham group. Overall, excellent regeneration
was observed in animals in the H group compared with that
in the other groups (Fig. 8B).

4 Discussion

The use of biopolymer-based scaffolds that provide three-
dimensional (3D) mechanical support to facilitate cell
adhesion, migration, and differentiation in vivo has become
an important strategy for bone regeneration [2-7].
Advanced 3D printing technology offers various advan-
tages which enable fabrication of patient-specific bone
grafts with precise pore size, geometry, and scaffold
interconnectivity [24-26] that are better suited for use in
clinical settings. The most commonly used synthetic and
biodegradable bone regeneration scaffolds are poly(e-
caprolactone)(PCL), poly(glycolic acid) (PGA), poly(L-
lactic acid) (PLLA), and their copolymers such as
poly(lactic-co-glycolic acid)(PLGA) [7, 27]. Among these,
PLLA is widely used in tissue engineering and regenerative
medicine, particularly for bone regeneration [5]. PLLA is
an FDA-approved polymer that exhibits good
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degradability, biocompatibility, and processability [21, 26].
Scaffolds meant for inducing bone regeneration should
have mechanical properties comparable to those of bone
(80-150 MPa). In this regard, PLLA, which exhibits a
relatively high tensile strength (~ 50 MPa) compared to
other FDA-approved biopolymers such as PLGA
(3—-6 MPa), is an ideal candidate.

BMP-2, a widely used osteogenic growth factor, induces
the osteogenic differentiation of multipotent mesenchymal
cells and bone formation in both animals and humans
[20, 21, 29]. Furthermore, bone regeneration can be
enhanced by osteogenic growth factors, such as BMP-2,
although it has a short half-life and requires an appropriate
carrier (such as a matrix or scaffold) to maintain appro-
priate bioactivity once administered. In this study, we
fabricated a 3D PLLA scaffold coated with collagen and
BMP-2 to achieve efficient bone regeneration. Several
polymeric delivery systems and scaffolds based on PLLA
or PLGA have been prepared to deliver different payloads,
ranging from nucleic acids and small drug molecules to
large proteins, in a sustained-release manner to optimize
payload function and activity [28].

Porosity is a key factor in scaffold design, and a 3D-
printing system allows the precise control of scaffold
porosity. The PLLA scaffold printed in this study exhib-
ited an interconnected porous structure that provided an
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increased area for effective molecular binding and cell
proliferation [30].

For strong BMP-2 conjugation, alginate-catechol (which
acts as a molecular binder) was synthesized and used as a
functionalization tool for PLLA scaffolds. These two
chemical interactions mainly contributed to the successful
integration of BMP-2 under physiological pH (7.4) condi-
tions. First, electrostatic interactions are generated between
the carboxylic and hydroxyl groups of alginate (negatively
charged) and the positively charged BMP-2 [31]. Second, a
covalent bond was formed between the catechols of algi-
nate-C and the nucleophilic group of BMP-2. This can be
achieved by quinone formation during the spontaneous
oxidation of catechol under slightly basic conditions; qui-
none acts as a strong electrophile, and thus, it can be
conjugated with nucleophilic thiols and amines, which are
ubiquitous in proteins [24].

BMP-2 is widely used to enhance bone regeneration,
however, development of effective delivery system for
sustainable release of BMP-2 is challenging due to weak
binding of BMP-2 to substrates or scaffolding matrix. In
this study, we used collagen for coating the BMP-2-con-
jugated PLLA scaffolds through utilizing its dual functions.
Firstly, collagen type 1 is the main bone extracellular
matrix and has been used for decades as a supplementary
protein in bone tissue engineering. Therefore, it is impor-
tant to provide collagen extraneously to bone defects to
support bone formation. Secondly, as is well known, col-
lagen has multiple functional sites to bind effectively with
biological molecules such as BMP-2 through electrostatic
interactions. Additional collagen coating to BMP-2 con-
jugated PLLA scaffolds resulted in a much more stable and
stronger BMP-2 binding to PLLA scaffolds.

Tissue regenerative matrices designed to interact with
cells must fulfill two conditions: they must not be cytotoxic
and must support cell proliferation and differentiation [32].
In this study, the media released from PLLA/BMP-2 3D
scaffolds were evaluated to determine whether these scaf-
folds were suitable for use in tissue regeneration. Our
results show that the 10% (v/v) PLLA or PLLA/rhBMP-2
scaffold eluates did not present any cytotoxic effects on
MC3T3-El cells.

ALP activity is a marker of osteogenic differentiation
and plays an important role in mineral deposition. Treat-
ment with BMP-2 (PLLA/BMP-2) or exogenous BMP-2
increased ALP content in MC3T3 and W20-17 cells,
whereas treatment with PLLA alone (without BMP-2;
negative control) did not have a significant effect on ALP
content. This provided evidence that BMP-2 released from
the PLLA/BMP-2 scaffolds was active and could induce
osteogenic differentiation. These results are similar to those
reported by other studies that demonstrated that BMP-2
facilitates the osteogenic differentiation of preosteoblasts

or bone marrow stem cells by inducing ALP activity,
thereby promoting mineralization, enhancing cell adher-
ence, and mediating the expression and activation of cer-
tain associated osteogenic markers [25, 32-34].

To date, most studies on BMP-2 delivery for bone repair
have employed a relatively high dose of BMP-2, which
makes the treatment costly and raises safety concerns [35].
Previous studies have also investigated the use of lower
doses in the range 0.5-5 pg [4, 36, 37]. In this study,
PLLA/BMP-2 scaffolds were loaded with 1 pg and 2 pg of
BMP-2. In the mouse calvarial model, scaffolds of PLLA-
rhBMP-2 groups loaded with either low or high concen-
trations of rhBMP-2 induced significantly higher new bone
formation than scaffolds without BMP-2, as observed by
micro-CT analysis (Fig. 6). Even in the scaffolds contain-
ing low dose of BMP-2 (1 pg), there was an approximately
4.25-fold increase in new bone volume (0.85 mm?®) com-
pared to the PLLA scaffold (0.2 mm?) after 4 weeks of
transplantation. In particular, scaffolds with a high con-
centration of BMP-2 (2 pg) showed an approximately
tenfold (1.83 mm?®) increased in new bone formation
compared to the PLLA control group, highlighting the
osteoconductive characteristics of these scaffolds. More-
over, our scaffolds showed substantial bone regeneration
in vivo compared with other studies that delivered high
amounts of thBMP-2 in a similar model [33]. Huang et al.,
reported that, in a mouse calvarial model, sandwich-type
PLLA nanosheets loaded with 50 ng BMP-2 increased the
volume of new bone by 1.5 mm> 4 weeks after transplan-
tation [37]. Similarly, only 10-20% bone repair was
observed using this model when BMP-2 was delivered
using hyaluronic acid hydrogel scaffolds [38]. Thus, we
successfully developed an effective new bone substitute by
combining the advantages of a 3D polymeric system and
controlled release technology.

Although several BMP products have been used to
promote bone healing, their clinical applications remain
limited. As a common practice, the lyophilized form of
BMP-2 is dissolved in solution and sprinkled onto a
selected scaffold (either hydroxyapatite- or collagen
sponge-based). The scaffold was then allowed to rest for
10-15 min to allow it to soak BMP-2. Since bleeding is
inevitable at the site of a fracture or bone defect, irrigating
or sucking the scaffold after implantation is not recom-
mended. Solubilized BMP-2 may show biological effects
only for the initial several hours after application. In this
study, we were able to generate a ready-to-use product by
conjugating thBMP to a 3D PLLA scaffold that can reduce
the operation time, decrease the risk of surgical site
infection, and overcome the limitations and disadvantages
of currently available products.

In conclusion, this newly developed hybrid scaffold
offers a new therapeutic strategy as it allows a prolonged

@ Springer



80

Tissue Eng Regen Med (2023) 20(1):69-81

and sustained release of BMP-2 at the site of a bone defect
and enhances bone regeneration at the site of bone loss.
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