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A B S T R A C T

Despite current developments in bone substitute technology for spinal fusion, there is a lack of adequate materials
for bone regeneration in clinical applications. Recombinant human bone morphogenetic protein-2 (rhBMP-2) is
commercially available, but a severe inflammatory response is a known side effect. Bone graft substitutes that
enhance osteogenesis without adverse effects are needed. We developed a bioactive molecule-laden PLGA com-
posite with multi-modulation for bone fusion. This bioresorbable composite scaffold was considered for bone
tissue engineering. Among the main components, magnesium hydroxide (MH) aids in reduction of acute
inflammation affecting disruption of new bone formation. Decellularized bone extracellular matrix (bECM) and
demineralized bone matrix (DBM) composites were used for osteoconductive and osteoinductive activities. A
bioactive molecule, polydeoxyribonucleotide (PDRN, PN), derived from trout was used for angiogenesis during
bone regeneration. A nano-emulsion method that included Span 80 was used to fabricate bioactive PLGA-MH-
bECM/DBM-PDRN (PME2/PN) composite to obtain a highly effective and safe scaffold. The synergistic effect
provided by PME2/PN improved not only osteogenic and angiogenic gene expression for bone fusion but also
improved immunosuppression and polarization of macrophages that were important for bone tissue repair, using
a rat model of posterolateral spinal fusion (PLF). It thus had sufficient biocompatibility and bioactivity for spinal
fusion.
1. Introduction

Spinal fusion is a fundamental surgical technique used to restore
spinal instability for degenerative diseases, trauma and deformities, tu-
mors, and infections [1–3]. Pseudoarthrosis (failure of spinal fusion) is a
serious and challenging complication of spinal fusion surgery, which
leads to severe pain and mobility impairment [4]. Due to osteoporosis,
most elderly patients who require spinal fusion have fragile bones [2,5,
6]. Although it is important that a functional spinal unit maintains the
biomechanical spinal properties of the entire spine [7], spine fusion
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healing requires a long period; long-term fixation of the spine for fusion
after surgery can also cause systemic complications [8,9]. Various ma-
terials have been examined as autogenous bone substitutes to enhance
spinal fusion rates (e.g., allogeneic bone graft material (DBM), synthetic
bone graft materials (tricalcium phosphate, hydroxyapatite, and bio-
glass), and bone morphogenetic protein-2 (BMP-2)). Recombinant
human BMP-2 (rhBMP-2) is commercially available, has US Food and
Drug Administration approval, and is widely used in spinal fusion surgery
due to the high potency of the fusion process. However, use of this
product can lead to serious complications, such as heterotopic
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ossification and soft tissue inflammation [10,11]. Therefore, researchers
and clinicians have worked to develop efficient and safe non-stationary
materials.

To encourage tissue regeneration by mimicking the natural micro-
environment, bone tissue engineering studies have focused on the func-
tionalized artificial scaffold containing extracellular matrix (ECM) [12].
These scaffolds provide better cell adhesion, migration, proliferation, and
differentiation [13–15]. Bone fusion engineering has the ultimate goal of
regenerating damaged or lost bone tissue via osteoconductive and/or
osteoinductive scaffolds [16]. The synthesized scaffold modulates the
host bone microenvironment for better adhesion, growth, and differen-
tiation of stem cells, which results in better new bone and fusion [17].
With the design of an artificial bone tissue engineering scaffold, the
synthesized scaffold containing ECM could accelerate bone fusion.
Although hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) are
used for osteoconductivity of the scaffold, there are differences in cal-
cium and phosphate ratios (1.72 and 1.5, respectively), compared with
natural bone (1.67). However, because decellularized bone ECM (bECM,
inorganic ECM) has the same Ca/P ratio as that of real bone, it can
support effective bone regeneration and has great osteoconductive ability
[18–20]. Demineralized bone matrix (DBM, organic ECM) is widely used
in spinal fusion surgery and consists of active organic components such as
collagen and glycoproteins [10,21]. In this study, we were inspired by an
inorganic-organic composition (7:3) of natural bECM. Our hypothesis
was that the natural bone mimetic scaffold would have outstanding new
bone formation and bone fusion performance.

There have been various attempts to functionalize the synthetic
scaffold using bioactive molecules for bone tissue engineering. We found
that polydeoxyribonucleotide (PDRN, PN) has an excellent effect on
angiogenesis during bone regeneration [20]. PDRN is a short bioactive
DNA molecule (50–200 base pairs) from trout (Oncorhynchus mykiss)
gonads; it acts as an adenosine A2a receptor agonist [22]. Adenosine A2a
receptors are G-protein-coupled transmembrane receptors. They occur in
numerous cells, including immune cells, endothelial cells, and epithelial
cells. Adenosine and its agonist have therapeutic effects such as wound
healing, angiogenesis, anti-inflammation, and immunosuppression.
Cekic et al. found that the adenosine A2a receptor facilitates immuno-
suppression with M2 macrophage polarization [23].

Bioresorbable scaffolds are a promising tool for spinal fusion. Among
them, poly(lactic-co-glycolic acid) (PLGA) is a popular biopolymer for
bone implants due to its biodegradability and low cytotoxicity. The hy-
drolyzed PLGA degradation product, lactic acid and glycolic acid, can
induce local inflammation at the implant site [24,25]. Acute inflamma-
tion can aggravate non-union and disrupt new bone formation after
spinal fusion surgery. Hence, we found that use of magnesium hydroxide
(MH)-incorporated PLGA composite effectively alleviates inflammation
via reduction in local pH conditions [10]. However, PDRN is
water-soluble and can aggregate in organic solvents. Therefore, to
fabricate homogeneous dispersion in hydrophobic PLGA composite, we
adopted a nano-emulsion-based dispersion method using Span 80 [26].

2. Material and methods

2.1. Homogenous dispersion, PLGA composite fabrication, and
characterization

Poly(lactic-co-glycolic acid) (PLGA; lactide:glycolide ¼ 50:50,
Resomer RG505) was purchased from Evonik Ind. (Essen, Germany).
Magnesium hydroxide (MH, 632,309) was purchased from Sigma-
Aldrich (MO, USA). All composites (PLGA, PM, PME2, and PME2/PN)
were prepared using a solvent casting method. Before blending, the MH
was ground using a 6775 Freezer/Mill® Cryogenic Grinder (SPEX Sam-
plePrep, NJ, USA). As a phase emulsifier, 333 μL Span® 80 (85,548,
Sigma-Aldrich) was added to 10 mL chloroform. Subsequently, 2 g PLGA,
400 mg cryomilled-MH powder, 600 mg bovine-derived decellularized
ECM (bECM and inorganic ECM; Oscotec Inc., Seongnam, Korea), 257mg
2

DBM (DBM, organic ECM; Hans Biomed Co., Seoul, Korea), and 400 mg
PDRN (GoldBio, St. Louis, MO, USA) were mixedwith 10mL chloroform/
Span® 80 solution. The dispersed solution was poured into a Teflon mold
(30� 90mm, rectangular shape) and the solvent was drawn off to leave a
polymer film adhering to the mold overnight. After all solvent evapo-
rated, the film was carefully detached from the mold and bioinspired
PLGA composites were obtained.

Morphological surface images of the composites were obtained using
field emission-scanning electronmicroscopy (FE-SEM; SIGMA, Carl Zeiss,
Germany). PDRN dispersion on the composite was visualized using
fluorescence microscopy (DP-74, Olympus, Tokyo, Japan) after staining
with Hoechst 34,580 (H21486, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). Degradation properties of the composites (12� 4�
0.1 mm) were performed in 1 mL PBS solution at 37 �C for 70 days. PDRN
release profiles were measured using a NanoDrop One/Onec (Thermo
Fisher Scientific).

2.2. Cell cytotoxicity and proliferation analysis

Human bone marrow-derived mesenchymal stem cells (hBMSCs)
were purchased from Lonza (PT-2501, Basel, Switzerland). hBMSCs were
expanded with Dulbecco's modified Eagle's medium (DMEM)/low
glucose medium (HyClone, Cytiva, MA, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific), and anti-
biotic/antimycotic solution (100X) (LS 203–01, WELGENE, Korea).
hBMSCs were grown at 37 �C in a humidified 5% CO2 atmosphere. The
medium was changed every 2–3 days.

Live and dead staining were performed using calcein AM (C3099,
Invitrogen, Thermo Fisher Scientific) and ethidium homodimer-1 (EthD-
1, E1169, Invitrogen, Thermo Fisher Scientific). Cell proliferation assay
was performed using a D-Plus™ cell counting kit 8 (CCK-8, Dongin LS,
Korea) at 1, 3, and 7 days. Colorimetric measurement results were read at
a wavelength of 450 nm using a microplate reader (SpectraMax M2,
Molecular Devices, CA, USA).

2.3. In vitro RNA extraction and quantitative real-time PCR

hBMSCs were indirectly cultured using cell culture inserts (36,224,
SPL, Korea). RNA was extracted using a Universal RNA Extraction Kit (K-
3141, Bioneer, Korea), following the manufacturer's instructions.
Extracted RNA was reverse-transcribed to complementary DNA using a
PrimeScript RT Reagent Kit (Perfect Real Time, Takara, Tokyo, Japan).
qRT-PCR was performed using each primer and SYBR Green PCR Master
Mix (Applied Biosystems, Thermo Fisher Scientific). Expression of
proinflammation-, angiogenesis-, and osteogenesis-related genes were
calculated with 18S ribosomal RNA as a reference and using the 2�ΔΔCt

method.

2.4. Macrophage polarization

RAW264.7 cells, a murine macrophage cell line, were obtained from
the Korean Cell Line Bank (KCLB, Seoul, Korea) and cultured in DMEM/
high glucose medium (HyClone) supplemented with 10% FBS and 1%
antibiotic/antimycotic solution (100X). RAW264.7 cells were seeded
into a 24-well plate at a density of 5 � 104 cells per well and were
stimulated with 50 ng/mL IFN-γ (R&D systems) and 10 ng/mL lipo-
polysaccharide (Sigma-Aldrich), followed by co-culture with the com-
posites, using cell culture inserts for 24 h.

2.5. Immunocytochemistry

hBMSCs, RAW264.7 cells, and human umbilical vein endothelial cells
(HUVECs) were fixed in 4% paraformaldehyde solution for 15 min. Fixed
cells were washed carefully with a PBS solution three times and were
then permeabilized for 15 min with 0.3% Triton X-100 in PBS solution.
To reduce the nonspecific background, the cells were blocked with a 5%
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BSA in PBS solution for 1 h. After blocking, the cells were incubated with
primary antibodies overnight at 4 �C. The cells were subsequently rinsed
with PBS solution and incubated with secondary antibodies for 1 h at RT.
After antibody labeling, cells were washed with PBS solution, and nuclei
were stained with Hoechst 34,580. The primary antibodies included
anti–NF–κB (1:200; sc-8414, Santa Cruz Biotechnology, CA, USA), anti-
Arginase 1 (1:200; sc-271,430, Santa Cruz Biotechnology), and anti-
iNOS (1:500; Invitrogen, Thermo Fisher Scientific). The secondary anti-
bodies included Alexa Fluor™ 488 donkey anti-rabbit IgG (H þ L) and
Alexa Fluor™ 555 donkey anti-mouse IgG (H þ L) (A-21206 and A-
21422, Invitrogen, Thermo Fisher Scientific).

2.6. Wound healing assay and tubule formation

A scratch assay and tubule-forming assay were performed on
HUVECs. Briefly, HUVECs were seeded at a density 5 � 105 cells/well in
6-well plates for 24 h. The cell layers were then scratched to form wound
gaps. The cells were treated with conditioned media for 18 h, images
were visualized at 0 and 18 h. To assess tubule-forming ability, HUVECs
were seeded in a 24-well plate coated with Matrigel (356,234; Corning,
NY, USA), and treated with conditioned media. After incubation at 37 �C
and 5% CO2 for 18 h, the cells were stained with 2 μg/mL calcein AM.
The number of branch points and total tube lengths were measured using
the ImageJ angiogenesis plug-in (NIH, MD, USA).

2.7. Osteogenic differentiation

To analyze osteogenic ability of the composites, hBMSCs were seeded
in 24-well plates (5 � 104 cells/well). After 1 day, the medium was
replaced with an osteogenic induction medium containing 10% FBS, 1%
antibiotic/antimycotic solution (100X), 50 μM L-ascorbic acid, 0.1 μM
dexamethasone, and 10 mM β-glycerophosphate. ALP staining was per-
formed using an ALP staining kit (MK300, Takara, Japan) at 7 days after
osteogenic induction. Subsequently, ALP activity was quantified using an
ALP assay kit (MK301, Takara). After 21 days of osteogenic induction,
mineralized ECM was stained with Alizarin Red S (A5533; Sigma-
Aldrich). The cells were fixed with 10% formalin for 15 min and
washed with deionized water. Each plate was incubated in 2% Alizarin
Red S solution for 20 min at 25 �C. Stained cells were examined using an
optical microscope. To quantify the staining results, 10% cetylpyridinium
chloride (CPC; C0732, Sigma-Aldrich) solution was added to each well
and incubated for 15 min to elute at 25 �C. Colorimetric measurement
results were read at a wavelength of 562 nm using a microplate reader.

2.8. Posterolateral lumbar fusion model and surgical procedure

In this study, we used 115 male Sprague Dawley rats (250 � 15g,
mean � standard deviation; OrientBio, Kyungki-do, Korea) with 20–25
rats in 5 groups. The rats were housed in an animal facility permitted by
the Association for Assessment and Accreditation of Laboratory Animal
Care. Each rat was anesthetized using ketamine (100 mg/kg; Yuhan,
Seoul, Korea), Rompun (10 mg/kg; Bayer, Leverkusen, Germany), and
isotroy 100 (Troikaa Pharmaceuticals Ltd, Gujarat, India). After asepti-
cally preparing the lumbar region, the muscle was cut to expose a section
from the transverse processes to the neural arch region at L4-L5. The
neural arch surface was decorticated using a scalpel and a low-speed drill
bilaterally. The scaffold (12 � 4 � 0.1 mm) was transplanted to the
exposed neural arch site, and the autologous iliac bone chip 200 mg was
transplanted bilaterally (Fig. 1A and B). The experimental groups were
managed using the following methods: 1. Auto bone graft, Ctrl; 2. ABG þ
PLGA, PLGA; 3. ABG þ PLGA/magnesium hydroxide, PM; 4. ABG þ PM/
ECM: DBM, PME2; 5. ABG þ PME/PDRN, PN: sorbitan monooleate,
PME2/PN.

All experimental procedures were performed according to protocols
approved by the directives of the Institutional Animal Care and Use
Committee (IACUC; Protocol number: 2021–0202).
3

2.9. Microcomputerized tomography analysis for new bone formation

The rats were sacrificed at 8 weeks postoperatively, and the lumbar
spines were harvested immediately from the 1st lumbar to the 1st sacral
vertebrae. The obtained spine samples were fixed using 10% formalin at
25 �C for 7 days for micro-computerized tomography scanning to mea-
sure the calcified fusion mass at the region of PLF. Each spine sample was
scanned in a SkyScan 1173 micro-CT imager (Bruker-CT, Kartuizersweg
3B 2550 Kontich, Belgium) and was analyzed using image controlling
software (version 1.6, SkyScan 1173, Bruker-CT, Kontich, Belgium). Each
scan was performed in the long axis of the spine with an energy of 130
kVp and a current of 60 μA; a resolution of 25 μm voxel size was used and
800 slices were taken. An aluminum filter of 1.0-mm thickness was used
to increase the mean photon energy of the source X-ray beam. Raw image
data were 3D reconstructed using CTVOX (Ver. 3.3.0, Bruker-CT, Kar-
tuizersweg 3B 2550 Kontich, Belgium). Reconstructed images of scanned
spine samples were analyzed using CTAn Software (Ver. 1.19.40.,
Bruker-CT, Kartuizersweg 3B 2550 Kontich, Belgium). The implant ma-
terials and bone tissue were analyzed separately.

2.10. Biomechanical bending tests

After 8 weeks, we surgically removed three segments out of the test
subjects, including the fused mass. All harvested PLF masses were eval-
uated using a three-point bending test and Universal Testing Machine
(TO-101, Testone, Seoul, Korea). Both ends of the vertebral bodies were
placed with their dorsal sides down on two fulcra. The upper anvil (10.0-
mm diameter) was placed in a position to apply a load to the ventral
surface of the intervertebral disc, perpendicular to the longitudinal spine.
Three-point bending tests were performed with a 10.0-mm intersupport
distance and a 50-mm/min crosshead speed until the upper anvil was
advanced to 15 mm. The curve force-displacement results from these
tests indicated flexural strength based on bending point and modulus
based on slope.

2.11. Histological assessment

2.11.1. Sample preparation
For histological analysis, the bone samples were fixed in 10%

formalin and were dehydrated with ascending ethanol concentrations.
Ultraviolet light-activated polymethylmethacrylate (Technovit 7200,
VLC, Kulzer GmbH Division Technik Philipp-Reis-Str. 8/13 61,273
Wehrheim, Germany) was used as an infiltration medium. After pene-
tration of the whole specimen with the embedding medium, high power
UV-light sources were used during the last stage of polymerization to
ensure that the medium was fully hardened (Exakt 520, EXAKT
Advanced Technologies GmbH Robert-Koch-Str. 522,851 Norderstedt).
Parallel sections of 300–400 μm thickness were then cut from the spec-
imen using a micro-sawing machine (EXAKT 300, EXAKT Advanced
Technologies). The desired final thickness of the specimen (40–70 μm)
needed for special staining and light microscopic analysis was obtained
using a micro-grinding system (EXAKT 400 CS, EXAKT Advanced Tech-
nologies) and sandpaper.

2.11.2. Hematoxylin and eosin staining
Each section was stained using an ordinary H&E staining method.

First, each section, including nuclei, was stained using hematoxylin
(Dako, Glostrup, Denmark) at 37 �C for 10 min and then washed. The
tissue was then differentiated in 0.35% acid alcohol solution and treated
with bluing solution that was 1% lithium carbonate. The tissue was then
washed again. Cytosol staining using 1% alcoholic Eosin Y solution for 5
min, and a wash, were used for the next step. Finally, the sections were
dehydrated using graded ethanol (70–100%) and were then mounted
(Permount™ Mounting Medium, Electron Microscopy Science). The
samples were examined under a Digital slide scanner (PANNORAMIC
250 Flash III, 3DHISTECH Ltd. H-1141 Budapest, €Ov u. 3., Hungary).



Fig. 1. Fabrication of homogenous dispersed PME2/PN composite using a nano-emulsion method with Span 80. (A) Schematic illustration of PLGA, PM, PME, and
PME2/PN composites preparation. (B) Representative SEM images of each composite. Scale bars, 200 μm. (C) Fluorescent microscopy images of composites stained
with Hoechst stain. Scale bars, 100 μm. (D) Diffraction pattern observed from X-ray diffraction (XRD). (E) Attenuated total reflectance-Fourier transform-infrared
spectroscopy (ATR-FTIR) spectra of the composites. (F) Thermogravimetric analysis (TGA) thermograms for each composite (100–800 �C). (G) pH changes of
composites during in vitro degradation in PBS solution at 37 �C. (H) PDRN release profile from PME2/PN in vitro.
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2.11.3. Goldner's trichrome staining
Samples were stained using Weiger's hematoxylin (Thermo Fisher

Scientific) for 5 min. They were then washed in tap water, stained in
ponceau acid fuchsine for 5 min, washed in 1% acetic acid, and placed in
phosphomolybdic acid orange G solution (Sigma) until the collagen was
decolorized. The samples were then rinsed in 1% acetic acid, stained in a
light green stock solution for 10 min, and rinsed again in 1% acetic acid.
Finally, the slides were dehydrated using graded ethanol and mounting
medium.

2.11.4. von Kossa staining
Samples were exposed to strong light until the mineralized bone

turned black with 1% silver solution for 30–60 min. Then, the slides were
rinsed with distilled water and quickly dipped into 5% sodium thiosulfate
before staining with Nuclear Fast Red Solution (Sigma) for 5 min. After
dehydration, the sections were mounted with permount medium.
4

2.12. Gene and protein analysis

2.12.1. Sample preparation and RNA extraction
Extracts of the lumbar 4–5 region of rats were taken, without the

surrounding soft tissue. These samples were flash frozen using liquid
nitrogen and were crushed to a fine powder using a liquid nitrogen-
cooled mortar.

2.12.2. qRT-PCR
The total RNA from sample tissue and scaffolds was isolated using

TRIzol reagent (Thermo Fisher Scientific), following the manufacturer's
instructions. The RNA pellet was resuspended, and the RNA concentra-
tion was determined. The RNA was reverse-transcribed using amfiRivert
cDNA Synthesis Platinum Master Mix (GenDEPOT, Barker, TX) in
duplicate for each sample. PCR was performed using Power SYBR®
Green PCR Master Mix (Thermo Fisher Scientific) with a QuantStudio 3
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real-time PCR instrument (Applied Biosystems). The PCR conditions
were: 95 �C for 10 min and 40 cycles of 95 �C for 15 s, 60 �C for 60 s, and
72 �C for 30 s. The relative osteogenic, angiogenic, and inflammatory
gene levels were calculated using GAPDH as a reference gene.

2.12.3. Western blot analysis
Sample tissues were lysed in standard radioimmunoprecipitation

assay buffer (Thermo Fisher Scientific) containing Halt protease inhibitor
Single-Use Cocktail (Thermo Fisher Scientific) on ice for 30 min. Protein
was quantified using a Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). Proteins (20 μg) were separated using polyacrylamide gel
electrophoresis and 10% gels and were transferred to polyvinylidene
difluoride membranes. The membranes were blocked in TBS plus 5%
non-fat milk powder and 0.1% Tween 20 for 1 h before incubating with
the following antibodies overnight at 4 �C: anti-osteocalcin, fibromodu-
lin, VEGF-A, and GAPDH (Abcam). Antigen–antibody complexes were
detected using secondary antibodies conjugated to horseradish peroxi-
dase (HRP). They were visualized using enhanced chemiluminescence
(GE Healthcare, Piscataway, NJ, USA). Quantitation of band intensity
was performed using Image J software.

2.13. Statistical analysis

All results were presented as mean � standard error except standard
deviation values, in qPCR results. All experimental data were analyzed
using ordinary one-way ANOVAwith Tukey's multiple comparisons tests.
GraphPad Prism 9.41 for Windows (GraphPad Software, USA) was used
for these analyses.

3. Results

3.1. Fabrication of bioinspired homogeneous dispersion PLGA composite

The PLGA was a pivotal matrix of composites prepared using a pre-
viously reported solvent casting method [27] (Fig. 1A). To fabricate
homogeneously PDRN-dispersed PLGA composite, Span 80 (a water in oil
emulsifier) was used to form a nano-emulsion in organic solvent [26].
Surface morphological properties were investigated using scanning
electron microscopy. Comparing the images of the PME2/PN with and
without Span 80 revealed that the surface roughness was significantly
increased with no Span 80 present, suggesting that the PDRN without
Span 80 formed aggregation due to low dispersibility in the composite
(Fig. 1B and Supplementary Fig. 1). Similarly, DNA specific staining
(Hoechst) revealed homogenous PDRN distribution in the PME2/PN
treatment with Span 80. Addition of functional molecules, including MH,
bECM, DBM, and PDRN in the PLGA composite resulted in improvement
(Fig. 1C). X-ray diffraction (XRD) was executed to examine whether
composite's crystalline structure was changed (Fig. 1D). In XRD spectra,
the all groups except PLGA showed Mg(OH)2 peaks at 2θ value of
18.105�, 38.445�, and 51.255� corresponding to (001), (011), and (012)
planes, respectively, and the PME2 and PME2/PN exhibited calcium and
phosphorous peaks.

The surface composition of the composites was confirmed using ATR-
FTIR (Fig. 1E). The P–O and C–O stretches and PO2� symmetric stretches
(1071 and 1097 cm�1) by the phosphodiester backbone of DNA were
displayed in FTIR spectra.

The proportions of MH, dECM, and DBM in the composites were
determined using thermogravimetric analysis (Fig. 1F). The water con-
tact angles for PLGA, PM, PME2, and PME2/PN were 87.33�, 75.98�,
58.23�, and 53.02�, respectively (Table S1). Degradation behavior is one
of the most challenging characteristics of biomaterial design. PLGA
degradation byproducts can occur after implantation in an acidic
microenvironment. Therefore, we incorporated magnesium hydroxide,
which has an excellent pH neutralization effect [28–30]. To assess
pH-dependent degradation behavior, the composites were immersed in
phosphate-buffered saline (PBS) solution at 37 �C for 70 days. While in
5

PBS solution, the pH of the PLGA composites declined to 4.7. However, in
the groups containing MH, the pH was maintained at up to 7.0 (Fig. 1G).
The PDRN release profile was investigated at 260 nm, a double-strand
DNA quantifiable UV absorbance (Fig. 1H). PDRN was sustainably
released from the PME2/PN during the 70-day period.

3.2. Anti-inflammation and immune-modulating effects of PME2/PN

To investigate biocompatibility of PME2/PN, live/dead staining was
performed using human bone marrow mesenchymal stem cells
(hBMSCs). Due to the well-known biocompatibility of PLGA, the popu-
lation of live cells (calcein AM-stained cells) was larger than that of the
EthD-1 (ethidium homodimer-1)-positive cells that indicated the pres-
ence of dead cells (Fig. 2A). However, calcein AM-positive cell pop-
ulations were gradually increased in the PM, PME2, and PME2/PN
groups. Cell viability was revealed at 1 and 3 days in vitro using CCK-8
analysis (Fig. 2B). Due to better hydrophilicity, initial cell proliferation
at 1 day in the PME2/PN group was greater than in the other groups. The
anti-inflammation response of the PME2/PN was assessed using expres-
sion of pro-inflammatory cytokine-related genes, including tumor ne-
crosis factor-α (TNF-α), interleukin-6 (IL-6), and Interleukin-1β (IL-1β);
qRT-PCR analysis of the composites was performed after a 3-day cul-
ture (Fig. 2C).

The TNF-α mRNA had significantly lower expression in the PM (p <

0.05), PME2 (p < 0.05), and PME2/PN (p < 0.01) groups than in the
PLGA groups. The same mRNA expression patterns were observed in the
IL-6 and IL-1β groups. To clarify the anti-inflammation ability of PME2/
PN, nuclear translocation of NF-κB was investigated using immunocy-
tochemistry (ICC) with anti–NF–κB antibody (Fig. 2D). The groups con-
taining MH attenuated translocation of NF-κB more than in the PLGA
group. The PDRN-incorporated composite had the most effective atten-
uation of NF-κB translocation in the hBMSCs.

Macrophage phenotypic transition ability was examined using M1-
induced murine-derived macrophage cells (Raw 264.7), interferon-γ
(IFN-γ), and lipopolysaccharide (Fig. 2E). After M1 induction, expression
of inducible nitric oxide synthase (iNOS), an M1 macrophage-specific
marker, increased in the control and PLGA groups. Despite the PM and
PME2 groups having reduced populations of iNOS-positive cells and
increased numbers of arginase 1 (Arg1)-positive cells, the PME2/PN had
even greater effects regarding M1-to-M2 polarization of macrophages.
Taken together, these results indicated that PME2/PN promoted
biocompatibility and bioactivity for spinal fusion.

3.3. Angiogenic and osteogenic capabilities of PME2/PN in vitro

Studies have highlighted the angiogenic effect of PDRN [31,32].
Angiogenesis has an important role in fracture healing and repair [33]
and, consequently, has cell signaling pathways that are coupled with
osteogenesis. Wound healing and tube formation analysis was performed
to examine the pro-angiogenic ability of the PME2/PN using human
umbilical vein endothelial cells (HUVECs) cultured in conditioned me-
dium immersed the composites for 24 h (Fig. 3A and B). Wound areas
gradually decreased in different patterns in the PM, PME2, and PME2/PN
groups. The tubule-forming assay revealed that the number of branch
points and total tube lengths substantially increased in the
PDRN-containing group. Angiogenesis-related gene expression was
evaluated using qRT-PCR (Fig. 3C). VEGF-A, a major regulator of
angiogenesis, is secreted by osteoblasts and hypertrophic chondrocytes
and can be involved in osteoblast differentiation [33]. Ang1 is expressed
in endothelial cells and has important roles in vascular growth, remod-
eling, and maturation. It is a strong anti-apoptotic factor in mesenchymal
stem cells and an important factor with many effects on osteoblast dif-
ferentiation and bone formation [34].

In the PME2/PN group, the VEGF-A gene expression was 2.21-fold
higher than in the PLGA group. of In the PME2/PN group, hepatocyte
growth factor (HGF), platelet-derived growth factor (PDGF), fibroblast



Fig. 2. Multi-modulation of immune-inflammatory response of PME2/PN composite. (A) Cell cytotoxicity investigation using live/dead staining images of hBMSCs
after a 24-h treatment. Scale bars, 500 μm. (B) hBMSC viability on each composite at 1 and 3 days in vitro. (C) Pro-inflammatory marker expression, including TNF-α,
IL-6, and IL-1β in hBMSCs, qRT-PCR analysis. (D) Representative ICC staining images using HUVECs labeled with anti–NF–κB antibody. Scale bars, 100 μm. (E) ICC
staining images and corresponding quantification of iNOS (green), CD206 (red), and nuclei (blue) of murine macrophage cells (RAW264.7) after M1 induction. Scale
bars, 200 μm *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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Fig. 3. Angiogenic ability of PME2/PN in vitro. (A) Cell migration assay images and quantification using HUVECs, at 18 h. Scale bars, 500 μm. (B) Tubule forming
assay images and quantification using HUVECs stained with calcein AM. (C) Expression of angiogenesis markers, including VEGF-A, HGF, PDGF, FGF2, and
angiopoietin-1 (Ang1) in HUVECs, qRT-PCR analysis. (D) Representative ICC staining images using HUVECs labeled with anti-VEGF antibody. Scale bars, 100 μm *p <
0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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growth factor-2 (FGF2), and angiopoietin-1 (Ang1) genes were expressed
more than 2-fold higher than in the PLGA group. To investigate VEGF
protein production, ICC staining was performed using anti-VEGF anti-
body (Fig. 3D). Like the qPCR result, the group containing PDRN had
enhancement of the population of VEGF-positive cells.

To examine osteogenic efficacy, hBMSCs were cultured in osteo-
genesis induction medium. Alkaline phosphatase (ALP) staining and ac-
tivity quantification were performed after 7 days of differentiation.
Representative stained images revealed that the PME2/PN group had
higher ALP expression (Fig. 4A). Quantified ALP activity was enhanced
by 120.62%, 157.23%, and 202.82% in the PM, PME2, and PME2/PN
groups, compared with the PLGA. Furthermore, the effect on minerali-
zation was investigated after 21 days of differentiation using Alizarin Red
Fig. 4. Osteogenic ability of PME2/PN in vitro. (A) ALP-stained images and ALP activ
calcium deposition quantification (b). Scale bars, 500 μm. (C) Expression of osteog
osteopontin in hBMSCs, qRT-PCR analysis. *p < 0.05, **p < 0.01, and ***p < 0.001
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S staining and calcium elution assay (Fig. 4B). In Fig. 4B (b), the PME2/
PN group had a significantly increased calcium deposition rate,
compared with the PLGA, PM, and PME2 groups. A genetic assessment
was performed using a variety of osteogenesis-related gene expressions,
including ALP, runt-related transcription factor 2 (RUNX2), fibromodulin
(FMOD), osteocalcin, and osteopontin; the qRT-PCR analyses were per-
formed at 21 days after osteoinduction (Fig. 4C). ALP is a crucial regu-
lator enzyme in bone mineralization [35]. It provides inorganic
phosphate from pyrophosphate and phosphomonoesters and hydrolyzes
pyrophosphate, mineralization inhibitor, for the hydroxyapatite synthe-
sis. RUNX2, a critical transcription factor for osteoblastogenesis, has peak
expression in immature osteoblasts; expression decreases in mature os-
teoblasts [36]. FMOD is expressed in both chondrocytes and osteoblasts
ity quantification. Scale bars, 500 μm. (B) Alizarin Red S staining images (a) and
enic markers, including ALP, RUNX2, fibromodulin (FMOD), osteocalcin, and
indicate statistically significant differences.
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during early development, but transcriptional expression is lost in
maturation and in aggregated cartilage [37]. FMOD is a collagen-binding
glycoprotein; it affects mineralization while supporting apatite formation
[38]. Bone γ-carboxyglutamic acid-containing protein (i.e., osteocalcin)
is the most abundant noncollagenous matrix protein expressed in oste-
oblasts [39]. As a result, γ-carboxyglutamic acid residues of osteocalcin
bind calcium and hydroxyapatite, which results in accumulation of
osteocalcin in the mineralized matrix [40]. The phosphorylated glyco-
protein, osteopontin, is also one of the key regulators of bone minerali-
zation and a prevailing inhibitor of vascular calcification [41]. As the
MH, bECM/DBM, and PDRN/Span 80 were added to the PLGA com-
posites, these well-known osteogenesis-related markers of expression
significantly and gradually increased.

3.4. Biomechanical assessment of fusion mass using three-point bending
tests

To measure flexural strength and modulus of the fusion specimens,
biomechanical bending tests were performed 8 weeks after material
implantation (Fig. 5A–C). Flexural strength is the maximum stress
tolerated during compression or tension of a specimen and can be used to
evaluate the ability to withstand flexing [42,43]. The results indicated
that compared with PLGA implantation, the PME2/PN composite was
significantly stronger and broke at a higher strength (Fig. 5D, F). Flexural
modulus is measured using the slope of a stress-strain deflection curve
and can be used to evaluate the ability to respond to bending forces. Only
the PLGA-implanted group had lower flexural modulus values than the
autologous bone (Ctrl) group. The other material-implanted groups had
overall increased stiffness, the PME2/PN especially had a significantly
increased, and the greatest, stiffness (Fig. 5E and F). These results sug-
gested that implantation with PLGA will weaken the strength and,
especially, stiffness of fused bone. Co-implantation of MH, ECM/DBM, or
PDRN in particular may have an important role.

3.5. Microcomputed tomographic analysis to confirm fusion rate

To confirm bone fusion effects of the materials in vivo, bone chips
from autologous iliac bone grafts (ABG; Ctrl) were implanted into SD rat
PLF models, together with scaffold; lumbar bone was isolated 8 weeks
later (Fig. 6A). To identify regenerated bone, segmented bone analysis
rather than that of cortical bones using 3D Microcomputed tomographic
(micro-CT) analysis of complete reconstructions and cross-sectional cuts
was performed (Fig. 6A). All data were analyzed separately for whole
bone and new bone; the PME2/PN group had the best performance. The
micro-CT results revealed a pattern in which the segmented bones in the
group implanted with carrier had a larger increase in bone volume and
separation than in the group implanted with autologous bone (Ctrl), but
the difference in thickness and number was relatively low. This result
indicated that the increase in segmented bone volume implied that the
interval between segmented bones increased more by transplantation
together with PLGA than with implantation of autologous bone alone. A
boosting effect appeared when MH, ECM/DBM, and PDRN were added.
As a result, the greatest increase in segmented bone separation occurred
when PME2/PN (all carriers included) was implanted. Therefore, the
thicknesses of new segmented bone and the entire group of segmented
bones were increased (Fig. 6B).

3.6. Histological assessments

Cross sections of fusion sites were analyzed in three ways. Hema-
toxylin and eosin (H&E) staining showed entire bone areas, including
osteoblasts, osteocytes, and osteoclasts, and also inflammatory reactions.
Goldner's trichrome (GT) staining showed mineralized bone and osteoid
bone area, and Von Kossa (VK) staining showed calcium-positive areas
(Fig. 7A).

The bone area (pink-stained area), including osteoblasts (yellow
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arrow), osteocytes (white arrow), and osteoclasts (white star), was found
to be lowest in the Ctrl and PLGA groups and increased in the PM, PME2,
and PME2/PN groups. The Ctrl, PLGA, and PME2/PN groups were
significantly different. These results indicated that PDRN had an
important role in fusion during bone remodeling (Fig. 7A and B). A large
number of fibrocartilage chondrocytes (black arrow) were found, which
activate angiogenesis by increasing VEGF-A expression after expression
of HIF1α under hypoxic conditions [44]. These results indicated that
bone fusion was affected by not only osteogenesis but also by
angiogenesis.

As a result of confirming the fusion site, the PM, PME2, and PME2/PN
groups exhibited more areas of osteoid (orange-red arrow) and miner-
alization (green arrow), comparedwith the Ctrl or PLGA groups. The Ctrl,
PLGA, and PME2/PN groups were significantly different. These results
suggested that PME2/PN boosted mineralization by maturing the
unmineralized areas and an organic portion of osteoid (Fig. 7A, C).

This mineralization was also confirmed based on assessment of tissue
calcium salts. The lowest values were found in the Ctrl and PLGA groups
and were significantly different from the PM, PME2, and PME2/PN
groups. The results indicated there was a gradual increase in calcium salt-
positive areas (dark brown area; sky blue arrow); the PME2/PN group
had the largest value (Fig. 7A, D). These results indicated that PME2/PN
had a maturation effect on the fusion site via calcium deposition. All
analyses proceeded by randomly selecting sites, excluding the spinal
canal and vertebral body containing the spinal cord, and the spinous
processes.

3.7. Genetic and molecular assessments to confirm osteogenic
differentiation

The increases in bone and in mineralized and Ca2þ areas revealed by
histological assessment are associated with expression of osteogenesis-
related genes and proteins. Therefore, variations in osteogenic markers
like collagen type 1 alpha 1 chain (Col1A1), RUNX2, FMOD, osteocalcin,
and sclerostin were evaluated.

Col1A1 is the only gene that is not expressed in mature chondrocytes
[45]; it is a well-known osteoblastogenesis-related gene. Col1A1 is
upregulated during differentiation from immature into mature osteo-
blasts with ECM capable of expressing ALP [46]. Genetic expression
analysis revealed that the Ctrl and PLGA groups had similar expression,
but expression sharply increased in PM, especially PME2 and PME2/PN,
groups (Fig. 8A). There was no difference in expression levels of PME2
and PME2/PN. This result suggested that PDRN had little effect on
Col1A1 expression. In the fusion masses, increased expression of RUNX2
tended to induce differentiation into mature osteoblasts, although gene
and protein expression patterns were somewhat inconsistent. The
RUNX2 protein expression levels in the PLGA groups decreased more
than in all the other groups; PME2 and PME2/PN implants greatly
increased RUNX2 expression (Fig. 8B and C). RUNX2 gene expression
followed the same trend as protein expression, even if all groups had
lower levels than the Ctrl group (Fig. 8A). The PLGA, PM, and PME2
groups had lower FMOD gene expression level than the Ctrl group; only
the PME2/PN group was higher and was higher than all other groups
(Fig. 8A). Although protein and gene expression patterns were similar,
the difference between the Ctrl and PME2/PN group was not significant
(Fig. 8B and C). The PLGA, PM, and PME2 groups had lower osteocalcin
gene expression than the Ctrl group; the PME2/PN group had the highest
expression (Fig. 8A). Protein expression reflected the differences in gene
expression. The PLGA group had higher osteocalcin expression than the
Ctrl group; the PM, PME2, and PME2/PN groups had sequentially
increased osteocalcin expression (Fig. 8B and C). Finally, sclerostin (Sost)
acts as an antagonist to prevent excessive bone formation [47]. Sost is
usually expressed in osteocytes [48] and also acts to control the matrix
mineralization that occurs when immature osteocytes develop into
mature osteocytes [49]. Sost gene expression levels were lower in the
PLGA, PM, PME2, and PME2/PN groups than in the Ctrl group (Fig. 8A).



Fig. 5. Scaffold with rat PLF model and biomechanical assessment. (A) Schematic image of rat PLF model. Scaffold and autogenous bone grafting method, position,
and implant conditions. (B) Surgical stage of grafting scaffolds and AB to the PLF model. (C) Experimental design for three-point bending test. Arrow indicates di-
rection of force applied to fusion mass. (D) Average ultimate fusion mass breakage strength for each group. (E) Flexural modulus indicates the tension that withstands
an applied force. (F) Force-displacement curves of fusion mass for each group and individual flexural strength data. Implantation of PME2/PN increased both flexural
strength and flexural modulus at the fusion site. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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Sost protein expression levels gradually increased in the PLGA, PM,
PME2, and PME2/PN groups than in the Ctrl group, but the differences
were not significant (Fig. 8B and C). Increased Sost expression can sup-
press proliferation and differentiation of osteogenic cells and cause
apoptosis [50]. However, bone fusion using PLGA, MH, ECM/DBM, and
PDRN/S80 can be accomplished, while activating osteogenesis without
excessive bone formation.

Taken together, these results suggested that PLGA did not
10
significantly affect overall osteogenesis and that MH and ECM/DBM had
important roles in the expression of Col1A1 and RUNX2 genes important
for differentiation of immature osteoblasts; PDRN had little effect at this
stage. The results also indicated that PDRN had a crucial role in the
maturation and mineralization of osteoblasts. Thus, activating differen-
tiation of undifferentiated cells via activation of various genes associated
with osteogenesis revealed the overall mechanism of bone fusion through
calcification and mineralization.



Fig. 6. Microcomputed tomography analysis of total and newly formed bone mass after PLF. (A) 2D and 3D reconstructed micro-CT images of fusion sites. (B)
Cancellous bone analysis of total and newly formed bone mass. Implantation of PME2/PN increased the percentage of cancellous bone in both total and newly
generated bone. This change appeared as a result of the increased thickness, number, and spacing of cancellous bone. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate
statistically significant differences.

H.Y. Lee et al. Materials Today Bio 19 (2023) 100611
3.8. Genetic and molecular assessments to confirm angiogenesis

In the case of VEGF-A gene expression, the PM and PME2 groups had
significantly higher expression than the Ctrl and PLGA groups; the
11
PME2/PN group was approximately 18 times higher than the Ctrl group
(Fig. 9A). VEGF-A-associated protein expression levels were lower in the
PLGA, PM, and PME2 than in the Ctrl group; but, the expression level was
approximately 1.5 times higher in the PME2/PN group (Fig. 9B and C).



Fig. 7. Histological assessment of fusion mass after PLF. (A) HE stain indicates the inflammatory reaction within the bone area (pink and purple). The bone area
contains osteoblasts (yellow arrow), osteocytes (white arrow), and osteoclasts (white star); chondrocytes (small box) were observed in the cartridge area. GT stain
indicates osteoid areas (red arrows; red and red) and mineralized areas (light green arrow; blue-green). VK stain indicates Ca2þ positive areas (sky blue arrow; dark
brown). (B) Graph of bone area, based on HE stain. (C) Graph of osteoid and mineralized areas, based on GT stain. (D) Graph of Ca2þ positive area, based on VK stain.
Implantation of PME2/PN increased bone areas, osteoid and mineralized areas, and Ca2þ positive areas. All images were observed and quantified in spine cross
sections. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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VEGFR2, a VEGF-A receptor protein, induces migration, proliferation,
and survival of endothelial cells (ECs). After it is automatically expressed
and secreted by VEGF-producing osteoblasts, regulates the migration,
differentiation, and survival of these cells [51]. VEGFR2 gene expression
was lower in the PLGA, PM, and PME2 groups than in the Ctrl group; it
was approximately 1.2 times higher in the PME2/PN group (Fig. 9A).
Protein expression levels were higher in all carrier implant groups than in
the Ctrl group; the PME2/PN group had about eight times higher
expression (Fig. 9B and C).

Hypoxic conditions that occur during tissue damage and regeneration
can activate intracellular signaling pathways through transcriptional
regulator hypoxia inducible factor (HIF). HIF can act as a key regulator of
12
VEGF expression and angiogenesis [52]. HIF proteins consist of three
α-subunits (HIF1α, HIF2α, and HIF3α) and a β-subunit. Among these
subunits, HIF1α has an important role in chondrocyte survival under
hypoxic conditions; its expression in osteogenic cells regulates expression
of VEGF [53]. The HIF1α gene expression level was higher in all the
carrier implant groups than in the Ctrl group; expression was about four
times greater in the PM and PME2/PN groups (Fig. 9A).

The glycoprotein, platelet endothelial cell adhesion molecule-1
(CD31), participates in regulation of angiogenesis and angiogenic cell-
cell interactions [54]. CD31 is only expressed on ECs, hematopoietic
cells, and osteoclasts, but not on osteoblasts [55]. The CD31 gene
increased about three times in the PLGA and PM groups, and about eight



Fig. 8. Genetic and molecular assessment to confirm osteogenesis. (A) Expressions of osteogenic markers, including Col1A1, RUNX2, fibromoduline (FMOD),
osteocalcin, and sclerostin (Sost) from fusion mass, qRT-PCR analysis. (B) Western blot (WB) results for RUNX2, FMOD, osteocalcin, and Sost. (C) Expression of
RUNX2, FMOD, osteocalcin, and Sost compared with GAPDH, WB analysis. PME2/PN transplantation increased both gene and protein expression of osteogenesis-
associated factors. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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times in the PME2 and PME2/PN group, compared with the Ctrl group
(Fig. 9A). At protein expression levels of CD31, the PLGA, PM, and PME
groups were very similar to the Ctrl group; in the PME2/PN group, CD31
protein expression was about 2.5 times greater than in the Ctrl group
(Fig. 9B and C).

Compared with the Ctrl group, Ang1 gene expression gradually
increased in the PLGA, PM, PME2, and PMEP2/PN groups, in the
PMEP2/PN group, Ang1 expression was about 4.5 times higher (Fig. 9A).

The results assume that PLGA did not significantly affect angiogen-
esis, while MH and ECM/DBM increased angiogenesis in endothelial cells
and in osteoblasts. PDRN overwhelmingly increased the expression of all
13
genes related to angiogenesis. To directly affect osteogenesis, some fac-
tors are also expressed in osteoclasts and directly or indirectly affect
osteogenesis and angiogenesis through osteoclastogenesis. Taken
together, these results indicated that during bone fusion, an
angiogenesis-related factor was a key participating factor.

3.9. Genetic and molecular assessments to verify anti-inflammatory and
macrophage polarization effects in tissue

The presence of iNOS, a macrophage M1 type marker, was confirmed
during investigation of anti-inflammatory and macrophage polarization



Fig. 9. Genetic and molecular assessment to confirm angiogenesis. (A) Expression of angiogenesis and vascular stabilization markers, including VEGF-A, VEGFR2,
HIF1α, CD31, and angiopoietin-1 from fusion mass, qRT-PCR analysis. (B) WB for VEGF-A, VEGFR2, and CD31. (C) Expression of VEGF-A, VEGFR2, and CD31,
compared with GAPDH, WB analysis. PME2/PN transplantation significantly enhances gene and protein expression associated with angiogenesis and factors associated
with vascular stabilization. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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effects in vivo. Except for the Ctrl group in which autologous bone was
transplanted, expression of M1 greatly increased in all groups. But, in the
PMEP2/PN group, the expression level decreased to one-eighth that of
the other carrier implant groups (Fig. 10A). In the Ctrl and PLGA groups,
CD206 did not change, but it was greatly enhanced (approximately
10–15 times) in the PM and PME2 groups; the PME2/PN group had
approximately 30-times higher expression than the Ctrl group (Fig. 10A).

The PLGA, PM, and PME2 groups decreased in TNF-α gene expression
more rapidly than the Ctrl group (0.5–0.8 times); it was about 0.35 times
14
more decreased in the PME2/PN group (Fig. 10B). Protein expression
increased in the PLGA and PM groups compared with the Ctrl group;
expression had a tendency to decrease in the PME2 and PME2/PN groups
(Fig. 10C and D). For gene expression, the PLGA group had no anti-
inflammatory effect compared with the Ctrl group; PM and PME2
decreased to 0.6–0.8 times and the PME2/PN group decreased about 0.3
times (Fig. 10B). Protein expression was higher than the Ctrl group in all
groups; it was about 2.8 times in the PLGA group, 1.8 times in the PM and
PME2 groups, and 1.45 times in the PME2/PN group (Fig. 10C and D).



Fig. 10. Genetic and molecular assessment verify immune modulation. (A) Expressions of macrophage and pro- and anti-inflammatory markers, including iNOS,
CD206, TNF-α, IL-1β, IL-10, and TGF-β from fusion mass, qRT-PCR analysis. (B) WB for TNF-α and IL-1β. (C) Expression of TNF-α and IL-1β compared with GAPDH, WB
analysis. The PME2/PN transplant resulted in polarization to M2-type macrophages that secrete anti-inflammatory cytokines, chemokines, and growth factors. *p <

0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences.
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This result can be explained in that IL-1β participates in induction of
osteogenic differentiation, as previously described. The cytokine, IL-10,
is involved in M2 polarization via oxidative phosphorylation of macro-
phages [56]. It is secreted by many cells (e.g., lymphocytes, neutrophils,
ECs, and mast cells) and affects innate and adaptive immune responses.
Overexpressed IL-10 reduces expression of pro-inflammatory mediators,
such as IL-6, MCP-1, and heat shock protein 47 [57]. IL-10 expression
levels were generally lower in the scaffold-implanted groups than in the
Ctrl group. This result can be explained by the amount of IL-10 secreted
to induce polarization of macrophages. The expression level of CD206, an
M2marker, was highest in the PME2 group, then sequentially declined in
15
the PM and PME2/PN groups. However, IL-10 not only induces oxidative
phosphorylation of macrophages. It is also secreted from M2 at the same
time, so the patterns were not identical (Fig. 10B).

The chemokine, TGF-β, has an important role in maintenance of ho-
meostasis in each tissue. Like IL-10, TGF-β is involved in inert, non-
antigen-specific, and antigen-specific immune responses [58]. Absence
of M1 to M2 conversion during chronic inflammation is characteristic of
chronic wounds and can be rescued by injection of exogenous TGF-β
[59]. TGF-β was expressed in the PLGA group in the same manner as in
the Ctrl group. The expression level gradually increased in the PM and
PME2 groups, and the level increased overwhelmingly in the PME2/PN
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group. This result can be explained by the presence of a substance
secreted from M2 macrophages, unlike IL-10, with similar results as
CD206 (Fig. 10B).

Taken together, these results indicated that the carrier had an
important role in determination of the macrophage type that regulated
the inflammatory environment; the presence or absence of PDRN affects
the outcome. Inclusion of PDRN induced polarization into M2-type
macrophages that activated angiogenesis and tissue remodeling, result-
ing in increased secretion of cytokines, chemokines, and growth factors.
At the same time, this process resulted in an inhibition of M1 polariza-
tion, which led to a decrease in pro-inflammatory cytokines and helped
to improve the inflammatory environment and tissue regeneration.

4. Discussion

In this study, we combined an additive for homogenous PDRN
dispersion, Span 80, with a nano-emulsion method along with improved
bECM/DBM to synthesize a stable scaffold. Controlled release of PDRN
from the PLGA composite provides advantages regarding long-term
safety and efficacy. Using this strategy, we wanted to examine the
properties of the scaffold and the role of each scaffold-constituent ma-
terial for spine fusion. Each stepwise scaffold was synthesized and then
profiled in vitro and in vivo in various ways. Our analyses provided mo-
lecular insights into the variable mechanisms by which substances that
made up the scaffold were involved in fusion.

Other studies found that co-administration of inorganic bECM and
organic DBM induces BMPs, PDGF, insulin-like growth factors (IGF),
FGF, epidermal growth factors (EGF), transforming growth factor or
tumor growth factor (TGF), and retinoic acid (RA) [60]. Lee et al. found
that a nature-inspired inorganic-organic hydrogel bone sealant has
outstanding bone healing ability [61].

Experimental and clinical studies found that BMP effectively induces
osteogenic cells when they are combined subcutaneously or implanted
together in muscle [62]. BMP-2 and BMP-7 are the most commonly used
BMPs in clinical practice; BMP-2 dominates the spine fusion market. As
extraction and purification of human BMP from cadaver bones provides
only small amounts, production was limited at first [63]. Therefore, gene
technology was used to develop rhBMP, which effectively increases bone
fusion rates after lumbar surgery and leads to reductions in pseu-
doarthrosis and iliac bone harvesting. In 2002, the US Food and Drug
Administration approved use of rhBMP-2 for anterior lumbar interbody
fusion surgery, including one-level degenerative disc disease and spon-
dylolisthesis [11].

Since approval in the USA, BMP has been commonly used off-label as
a spine fusion inducer in most kinds of spine fusion surgeries (i.e., in
addition to anterior lumbar interbody fusion), including posterior lumbar
interbody fusion (PLIF), transforaminal lumbar interbody fusion (TLIF),
and cervical or thoracic fusion surgery. However, serious adverse BMP-2-
related effects (e.g., infection, osteolysis, ectopic bone formation, retro-
grade ejaculation, soft tissue edema, and radiculitis) have been reported,
and there are concerns about safety issues [63]. This is why a new bone
substitute for autologous bone graft or BMP that is both highly effective
and stable with safety in all clinical fields is needed.

As previously mentioned, the vascularization property of biomaterials
is a crucial concept for bone regeneration. To design an effective
biomaterial, we included PDRN in a biomimetic composite because it has
excellent pro-angiogenic effects. Most approved forms of PDRN are
injectable liquid phases and require other types of processing to intro-
duce them into hard rather than soft tissues, such as leg ulcers, burns, and
depressed scars [64,65]. In a previous study, we found that when
administered in the body, PDRN selectively exerts anti-inflammatory
effects, cell proliferation, and angiogenic effects at injured sites
through its adenosine A2a receptor agonistic effect and salvage pathway
[19,20]. However, in this study, we found that PDRN affected macro-
phage polarization via a decrease in M1 and an increase in M2 macro-
phages. Although it is necessary to continue research on the mechanism
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via which each of the scaffolding substances that we used affected
macrophage polarization, this study revealed immunological aspects of
PDRN relevant for tissue engineering approaches. In this work, we
investigated a PLGA composite containing a multi-modulated bioactive
molecule for spinal fusion. The improved composite (ECM/DBM and
PDRN; PME2/PN), which was different from previous studies [19],
played an important role in conventional osteogenesis and angiogenesis
and macrophage polarization, which are important for tissue recovery.
The results showed that PDRN addition induces tissue repair, angio-
genesis, and immunosuppression through the secretion of cytokines,
chemokines, and growth factors compared to using only ECM. This
proof-of-concept study revealed the advantages of advanced biomaterials
for bone tissue engineering. Taken together, our results suggest that
PME2/PN composite can be a good candidate for improving bone
regeneration in spinal fusion surgery.

5. Conclusion

A multi-modulation of the immune-inflammatory response of PME2/
PN using bioactive agent incorporation was demonstrated. In both in vitro
and in vivo evaluations, PME2/PN had great biocompatibility and anti-
inflammatory effects. Although we primarily focused on the angiogenic
ability of PME2/PN, we also meticulously discovered its potential role in
induction of macrophage phenotype transition from M1 to M2. This
study revealed characteristics of an advanced bone graft material with
enhanced anti-inflammatory, angiogenic, osteogenic, and immune
modulation activities for bone tissue engineering. These results demon-
strate that the PME2/PN composite would be substantially help induce
bone formation in spinal fusion surgery.
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