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Introduction: During tissue repair or regeneration, several bioactive molecules are released and interact
with each other and act as complex additives or inhibitors for tissue reconstruction. In this study, the
bone-healing effects of the combination treatment with tumor necrosis factor-o. (TNF-a) inhibition,
vascular endothelial growth factor A (VEGF-A) and bone morphogenetic protein-7 (BMP-7) release by
gene silencing, and gene transfection with calcium phosphate nanoparticles (CaP) in the rat femoral head
was histologically, morphologically, and biochemically evaluated.

gﬁi’[‘;‘f ‘;rds" Methods: A triple-functionalized paste of CaP carrying plasmid DNA encoding for BMP-7 and for VEGF),
VEGE-A and siRNA against TNF-a was developed and denoted as CaP3mix. To compare the effects of 3mixCaP, CaP

TNF-o with plasmid DNA encoding BMP-7, VEGF, or siRNA encoding TNF-a was prepared and denoted as CaP/

PEI/pBMP-7/Si0;, CaP/PEI/pVEGF/SiO,, or CaP/PEl/siRNA-TNF-0,/SiO;, respectively. The bone healing in

bone defects in the rat femoral head was investigated after 10 and 21 days of implantation.

Results: The levels of bone formation-related markers OCN, Runx2, and SP7 increased at the protein and

gene levels in 3mixCaP after 10 days, and 3mixCaP significantly accelerated bone healing compared with

the other treatments after 21 days of implantation.

Conclusion: The triple-functionalized CaP paste loading plasmid DNA encoding BMP-7 and VEGF and

siRNA encoding TNF-o. is a promising bioactive material for bone tissue repair.

© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

Gene silencing
Gene transfection
Bone regeneration

1. Introduction

During tissue repair or regeneration, several bioactive molecules
are released in a time-dependent manner, and they interact with
each other and act as complex additives or inhibitors for tissue
reconstruction [1,2]. Many studies have investigated the effect of a
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single agent or combination of growth factors or inflammatory
cytokines in vitro and in vivo [3—5]. Among these bioactive mole-
cules, bone morphogenetic protein-7 (BMP-7) is one of the bone
formation growth factors, and it shows strong bone formation ac-
tivity in vivo and even in clinical applications [6,7]. Furthermore,
BMP-7 directly stimulates osteoblasts and enhances osteoblast
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differentiation [7,8]; thus, it is used to enhance the bioactivity of
bone grafts [9].

In contrast, vascularization is essential for tissue reconstruction.
Blood vessels supply nutrients, gas changes, bioactive molecules
such as growth factors or cytokines, and cells [10,11]. Vascular
endothelial growth factor (VEGF) is an angiogenic growth factor
that has been shown to be effective in bone tissue engineering
models [3—5,10,11]. Furthermore, previous studies have shown that
the combination of VEGF and BMPs, such as BMP2, BMP4, and BMP-
7, can enhance successful bone formation through BMP/VEGF-
regulated coupling between osteogenesis and angiogenesis [12,13].

In wound healing, tissue repair follows the inflammation pro-
cess [1]; however, adequately inhibiting inflammation during bone
tissue repair enhances bone formation [14—16]. Ratanavaraporn
et al. demonstrated that adequate inhibition of TNF-o. enhance bone
regeneration induced by BMP-2 [17]. We have also previously
demonstrated that the inhibition of TNF-a. by gene silencing
removes the suppression of ALP activity in periodontal tissue-
derived cells stimulated by inflammation [18].

BMP-7, VEGF, and TNF-a are associated with bone formation in
different ways; therefore, we hypothesize that bone formation-
associated cells recruited by vascularization are stimulated by
growth factors and effectively form bone tissue under the adequate
inhibition of inflammation. To enhance this process, we focused on
gene transfection and gene silencing techniques. Gene transfection
vectors are mainly classified as viral and nonviral vectors, and
numerous vectors or gene carriers have been developed, improved,
and used [19,20]. In our study, calcium phosphate was used as gene
carrier. Although its transfection efficiency is lower than that of
viral transfection or liposomes and similar systems, calcium phos-
phate has the advantage that it is the inorganic component of bone
tissue and therefore has a high biocompatibility and biodegrad-
ability. Consequently, it is a highly suitable material for bone
regeneration [21]. We have previously developed gene carriers
based on calcium phosphate nanoparticles (CaP) and demonstrated
low cell cytotoxicity, improved gene transfection efficiency, and
gene silencing in vitro and in vivo [18,22—31].

In this study, the bone-healing effects of the combination
treatment with TNF-a inhibition by gene silencing, VEGF-A and
BMP-7 release by gene transfection with CaP nanoparticles in the
rat femoral head was histologically, morphologically, and bio-
chemically evaluated.

2. Materials and methods
2.1. Chemicals

Diammonium hydrogen phosphate ((NH4);HPO4; >99 %),
branched polyethyleneimine (PEI, MW: 25 kDa), tetraethyl ortho-
silicate (TEOS, >99 %), ammonia solution (28 wt% NH3 in water),
sodium hydroxide (>98 %), and D-(+)-trehalose dihydrate were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Calcium lactate
pentahydrate (CaCgH19Og-5H20; >98 %) and carboxymethyl cellu-
lose sodium salt (>99.5 %, powdered) were obtained from Carl Roth
(Karlsruhe, Germany). Ethanol (99.8 %) was purchased from Ther-
moFisher Scientific (Darmstadt, Germany). The plasmids for VEGF
(VEGF-A, human untagged clone, Vector: pCMV6-XL5, Vector size:
4.7 kb, promoter: CMV, ACCN: NM_001025366) and BMP-7
(product name: BMP7, human untagged clone, Vector: pCMV6-
XL4, Vector size: 4.7 kb, promoter: CMV, ACCN: NM_001719)
were purchased from OriGene (Herford, Germany). siRNA-TNF-a
(small interfering RNA against tumor necrosis factor-a, 5°‘-
GCCGAUGGGUUGUACCUUG-3*) was purchased from Dharmacon
(Lafayette, CO, USA). Ultrapure water (Purelab Ultra Instrument,
ELGA) with a specific resistivity of 18.2 MQ was used for all
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syntheses. An endotoxin-free plasmid DNA purification kit Nucle-
oBond® PC 10000 EF was purchased form Macherey-Nagel (Diiren,
Germany).

Four types of CaP-NPs were prepared: CaP-NPs coated with
carboxymethyl cellulose (CMC) as a matrix, CaP-NPs carrying
DNA plasmid encoding for VEGF, CaP-NPs carrying DNA plasmid
encoding for BMP-7, and CaP-NPs carrying siRNA against TNF-
a, respectively (CaP/CMC, CaP/VEGF, CaP/BMP-7, and CaP/siRNA-
TNF-a).

2.1.1. Synthesis of plasmid

The plasmids pVEGF and pBMP-7 were amplified by naturally
competent E. coli bacteria. Isolation and purification were per-
formed according to the manufacturer's protocol with a Giga kit
(AX 10000, Macherey-Nagel).

2.1.2. Synthesis of CaP nanoparticles

CaP nanoparticles were prepared according to our previous re-
ports [18,21,30]. For the synthesis of CaP nanoparticles, aqueous
solutions of calcium lactate (6.25 mM) and diammonium hydrogen
phosphate (3.74 mM) were adjusted to pH 10 with NaOH (0.1 M).
Additionally, an aqueous solution of PEI (2 g L™!) was prepared. The
three solutions were pumped simultaneously into a round bottom
flask containing 10 mL ultrapure water during 30 s with peristaltic
pumps at 5 mL min~! for the calcium lactate and diammonium
hydrogen phosphate solutions, respectively, and 7 mL min~"! for the
PEI solution. After reacting for 20 min under stirring, 5.40 mL of the
CaP/PEI nanoparticle dispersion was taken, and 600 puL of either
plasmid (pVEGF or pBMP-7; 1 mg mL™') or 996 puL of siRNA
(0.6 mg mL™1), respectively, was added under RNase-free condi-
tions. The dispersion was stirred for 30 min. Then, a protective silica
shell was added to the particles to prevent enzymatic degradation
of the nucleic acids. Next, 6 mL of dispersion was added to a
mixture of 24 mL of ethanol, 30 puL of TEOS, and 60 pL of ammonia
solution (7.8 wt%). The reaction was stirred for 18 h at room tem-
perature. To isolate the nanoparticles, they were centrifuged for
60 min at 4000 rpm. The supernatant was analyzed by UV micro-
volume spectroscopy (DS-11 FX+, DeNovix) to determine the
loading on the nanoparticles. The sedimented particles were
redispersed by ultrasonication in 6 mL of ultrapure water for
endotoxin analysis. With an Endosafe Nexgen-PTS spectrometer
(Charles River, Boston, MA, USA), the endotoxin concentration in all
samples was determined to be below 0.0133 EU mL~". Thus, the
samples were considered as endotoxin-free.

Next, 1.5 mL of each nanoparticle sample carrying nucleic acids
(pVEGF, pBMP-7, and siRNA) was taken and mixed to obtain a total
volume of 4.5 mL for each group; it is denoted as 3mixCaP hereafter.
All nanoparticles were aliquoted to 300 pL per tube, each con-
taining 20 pg of pDNA or siRNA; they were freeze-dried with D-
(+)-trehalose dihydrate as a cryoprotectant (20 mg per 1 mL of
dispersion) for 72 h for storage and shipping (lyophilization; Alpha
2-4 LSC instrument, Martin Christ). The 3mixCaP sample contained
a total combined dose of 60 pg of pDNA and siRNA, i.e. 20 ug of each
nucleic acid.

2.1.3. Synthesis of the CaP paste matrix

For the preparation of the CaP paste matrix, calcium lactate
(6.25 mM) and diammonium hydrogen phosphate (3.74 mM) were
adjusted to pH 10 with NaOH (0.1 M). Additionally, an aqueous
solution of carboxymethyl cellulose (CMC, 2 g L~!) was prepared.
The three solutions were pumped simultaneously into a round
bottom flask containing 100 mL of ultrapure water over 5 min with
peristaltic pumps at 7.5 mL min~! for the calcium lactate and dia-
mmonium hydrogen phosphate solutions, respectively, and
2.5 mL min~! for the CMC solution. After reacting for 10 min under



T. Tenkumo, B. Kruse, K. Kostka et al.

stirring, the dispersion was centrifuged at 4000 g for 30 min. The
precipitated nanoparticles were redispersed in ultrapure water. The
sample was shock-frozen in liquid nitrogen and freeze-dried. After
freeze-drying, the yield of CMC-functionalized CaP nanoparticles
was = 1.2 g as solid.

To prepare a bioactive paste, 20 ug of the desired freeze-dried
plasmid or siRNA loaded onto the particle surface was mixed
with 16.68 mg of the CaP/CMC matrix, as shown in Table 1. In the
case of 3mixCaP, 20 pg of each bioactive component was used. To
obtain the bioactive CMC paste matrix, 64 puL of water was added to
each group.

2.14. Physicochemical characterization

The calcium concentration was measured by atomic absorption
spectroscopy (AAS) with an Electron M-Series spectrometer
(ThermoScientific). Dynamic light scattering (DLS) and zeta po-
tential determination were carried out with a Zetasizer Ultra
(Malvern Panalytical) in a disposable cuvette (DTS1070). Scanning
electron microscopy (SEM) was performed with an ESEM Quanta
400 FEG instrument (FEI). Thermogravimetric analysis (TGA) was
conducted with a STA 449 F3 ]Jupiter instrument (Netzsch).
Microvolume UV—Vis absorbance spectra were recorded with a
Genesis 50 instrument (ThermoScientific). Microplate absorbance
was measured with a SpectraMax 190 instrument (Molecular De-
vice). Freeze-drying (lyophilization) was performed with a Christ
Alpha 2-4 LSC instrument (Martin Christ).

2.2. Animal experiments

2.2.1. Application of CMC-functionalized CaPs

Thirty eight male Wistar rats (age: 6 weeks; weight: 180—200 g)
were used in this experiment. All animals were used in this
experiment in accordance with the Guide for the Care and Use of
Laboratory Animals of Tohoku University, Japan. Prior to the ex-
periments, the experimental protocols were reviewed and
approved by the Institutional Animal Experiment Committee of
Tohoku University (No. 2020shidou-026). The rats were anes-
thetized by the intraperitoneal injection of medetomidine (Domi-
tor®; 0.375 mg kg~ ! body weight; Nippon Zenyaku Kogyo, Tokyo,
Japan), midazolam (Sandoz; 2 mg kg~' body weight; Sandoz,
Tokyo, Japan), and butorphanol tartrate (Vetorphale®, 2.5 mg kg !
body weight; Meiji Seika Co., Tokyo, Japan). After general anes-
thesia, local anesthesia with lidocaine containing epinephrine
(1:80,000) was administered around the thigh muscle. The hair of
each rat was shaved, the flap was reflected, muscle and tendon
were shaved, and the femoral head was exposed. The bone defect
was prepared using a dental implant drill (diameter: 3.1 mm,; Fig. 1a
and c) at 3000 rpm with sterile saline irrigation using a dental
electric motor system (Implant Motor IM-III, GC, Japan). The pre-
pared bone defect volume was 21.36 mm? (Fig. 1b). The prepared
CMC-functionalized CaP paste (16.38 mg) was tightly inserted into
the bone defect (Fig. 1d). The muscle, tendon, and skin flap were
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(7-ONYLON, Mani Inc., Tochigi, Japan) to prevent infection and loss
of biomaterial, respectively. The rats were sacrificed by an overdose
of Isoflurane (Fujifilm Wako chemicals, Tokyo, Japan) on days 10
and 21 after surgery. The femoral bone head including the sur-
rounding tissue was extracted and immediately immersed in
phosphate-buffered saline (PBS). Seventy-five bone defects were
prepared in total. Each rat was treated with a split-mouth design;
this implies that different samples were implanted in both sides of
the femoral head. One rat obtained CaP/PEI/pBMP-7/SiO; in the left
femoral head and CaP/PEI/pVEGF/SiO; in the right femoral head,
whereas the other rat obtained CaP/PEI/pVEGF/SiO; in the left
femoral head and CaP3mix in the right femoral head. The sample
number in each group was 15 bone defects in total. The transverse
plane of the bone defect is shown in Fig. 1b.

2.2.2. Gene analysis

All plastic pipette tips and tubes were soaked for 1 min in RNase
Quiet (Nacalai Tesque, Japan) to remove RNAses. After discarding
the solution, the tips and tubes were rinsed thoroughly two times
with ultrapure water, dried, and finally autoclaved for 20 min at
121 °C. The femoral head of the extracted tissue was cut 10 days
after the surgery for gene analysis. The tissue was washed with PBS
and immersed in 1 mL of Sepasol RNA I Super G® (Nacalai Tesque
Inc., Kyoto, Japan) for gene analysis. Tissues were crushed and ho-
mogenized for 10 s using an ultrasonicator (UR-20P, 21 kHz; Tomy
Co. Ltd., Tokyo, Japan). Total RNA was isolated from the supernatant
according to the manufacturer's instructions, and the total volume
of extracted mRNA was measured by UV microvolume spectroscopy
(Nanodrop2000; Thermo Scientific, Tokyo, Japan). Furthermore,
DNase treatment was performed using DNase buffer (Takara,
Japan), RNase inhibitor (Takara, Japan), and DNase I (Takara, Japan)
as per the manufacturer's instructions. The total volume of RNA
after the DNase treatment was measured again, resuspended in TE
buffer (Nacalai, Japan), and stored at —20 °C until gene analysis was
performed. After measuring the concentration of the obtained RNA,
cDNA was synthesized using the iScript Advanced cDNA Synthesis
Kit for RT-qPCR® (Bio-Rad Laboratories, Osaka, Japan). Real-time
polymerase chain reaction (PCR) was performed using CFX96
(Bio-Rad, Osaka, Japan) with 10 ng of cDNA in a 20 pL of a mixture
containing 10 pL of SsoAdvanced Universal SYBR Green® system
(Bio Rad Laboratories, Osaka, Japan), 7 uL of DNase-free water, and
1 pL of targeted primer. The following primers were used: OCN
(PrimePCR SYBR Assay, Unique Assay ID:qRnoCED0007311, Desalt
200R Wet-Validated, Predesign Bglap, rat, Bio-Rad, Japan), GAPDH
(PrimePCR SYBR Assay, Unique Assay ID:qRnoCID0057018, Desalt
200R Wet-Validated, Predesign GADPH, rat, Bio-Rad, Japan), Runx2
(PrimePCR SYBR Assay, Unique Assay ID:qRnoCED0009315, Desalt
200R Wet-Validated, Predesign Runx2, rat, Bio-Rad, Japan), and SP7
(PrimePCR SYBR Assay, Unique Assay ID: qRnoCED0008486, Desalt
200R Wet-Validated, Predesign SP7, rat, Bio-Rad, Japan). For reli-
ability, no template control (primer-only and DNase-free water)
was used. The reaction mixture was incubated for polymerase

independently tightly sutured with nonabsorbable suture activation and DNA denaturation at 98 °C for 30 s. For amplification,
Table 1
Dosage of plasmid-DNA or siRNA in each CMC-functionalized CaP group.
Dose/defect
group pBMP-7/ug pPVEGF/ug siRNA (TNF-a.)/ug CaP nanoparticles/mg
CaP/CMC 16.68
CaP/PEI/BMP-7/Si0, 20.0 16.68
CaP/PEI/VEGF/SiO, 20.0 16.68
CaP/PEI/siRNA-TNF-2/SiO, 20.0 16.68
3MixCaP 20.0 20.0 20.0 16.68
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Fig. 1. (a) Bone defect in the rat femoral head. (b) Cross section of prepared bone defect. The bone defect volume was 21.4 mm?®. (c) Left: A delivery tool for the regulated volume of
CaP paste. Right: A dental implant drill with black line markers to prepare regulated bone defects. (d) CaP paste inside the bone defect.

the reaction mixture was subjected to 40 cycles of denaturation at
95 °C for 10 s and annealing/extension at 60 °C for 30 s. The
reference gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), was determined by comparison with B-actin using the
Bestkeeper© software. The mRNA expression level of each targeted
gene was determined using GAPDH as the normalization control
and the AA CT method. The experiment was independently per-
formed on five samples from each experimental group, and three
measurements were performed independently. The sample num-
ber in each group was five, as there were five bone defects.

2.2.3. ELISA

To measure the levels of TNF-a, BMP-7, VEGF, BMP-2, CD31, and
ALP, the femoral head of the extracted tissue after 10 days of sur-
gery was cut and dissolved in 600 pL of a RIPA Lysis Buffer® solution
(Santa Cruz Biotechnology, Dallas, TX, USA), ultrasonically ho-
mogenized for 10 s, and centrifuged at 16,099 xg for 15 min at 4 °C.
TNF-o, BMP-7, VEGF, BMP-2, CD31, and ALP in the supernatants
were quantified by ELISA using Rat TNF-o ELISA (Abcam, Cam-
bridge, England), Rat BMP7 ELISA (Mybiosource, San Diego, USA),
Rat VEGF ELISA (proteintech, Tokyo, Japan), BMP-2 Quantikine
ELISA (R&D Systems, Minneapolis, USA), Rat Pecam1/CD31 ELISA
Kit (Assay Genie, Dublin, Ireland), and LabAssay ALP (Wako Pure
Chemical Industries Ltd., Osaka, Japan) kits, respectively. The total
protein concentrations of the cell lysates were determined using
the bicinchoninic acid (BCA) protein assay kit (Takara, Shiga, Japan).
The absorbance of the reaction mixture was measured using a
microplate reader (SpectraMax 190; Molecular Devices, San Jose,
USA) according to the manufacturer's instructions. The measured
value of each protein were normalized by the total protein volume.
The supernatants were stored at 20 °C until the measurements
were performed. The sample number in each group was five, as
there were five bone defects.

2.2.4. Western blotting

To detect the protein levels of OCN, Runx2, and SP7, tissue ly-
sates after 10 days of surgery prepared using RIPA lysis buffer in
Section 2.3.3 were diluted by Laemmli sample buffer (#1610737;
Bio-Rad, Hercules, USA) and used for Western blotting. Equal
amounts of protein were resolved using Mini-PROTEAN TGX gel
(2 % SDS-PAGE, 62.5 mM TriHCI (pH 6.8), 25 % glycerol; Bio-Rad,
Hercules, USA) at 200 V and 400 mA for 30 min. Then, the pro-
teins were transferred to a nitrocellulose membrane (Trans-Blot
Turbo Mini 0.2 um PVDF transfer packs, Bio-Rad, Hercules, USA)
using a Trans-Blot Turbo transfer system (Bio-Rad, Hercules, USA)
at 1.3 A and 25 V for 7 min. After washing and blocking using
Blocking One (Nacalai Tesque, Kyoto, Japan) for 30 min, the mem-
brane was washed and immersed in immunoreaction buffer con-
taining anti-OCN (1:1000, Monoclonal antibody to rat osteocalcin
(Clone6-7H), Takara bio, Shiga, Japan), anti-Runx2 (1:1000, Anti
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RUNX2 (ab76956); Abcam, Cambridge, England), anti-SP7 (1:1000,
Anti-Sp7/Osterix antibody (EPR21034); Abcam, Cambridge, En-
gland), or anti-beta actin (1:1000, anti-B-actin antibody (ab8227);
Abcam, Cambridge, England). Then, the membrane was incubated
while shaking overnight at 4 °C. After washing, the membrane was
immersed in Bullet InmunoReaction Buffer containing a secondary
antibody (horseradish peroxidase (HRP)-conjugated Affinipure
goat anti-rabbit IgG (H + L), 1:5000). The immunoreactivity was
visualized using the ECL system (Chemi-Lumi One Super, Nacalai
Tesque, Kyoto, Japan). Western blotting was performed, and the
intensity of each band was quantified using a chemiluminescence
imaging system (FUSION, Vilber Bio Imaging, Osaka, Japan). The
obtained OCN, RUNX2, and SP-7 values were normalized by the
obtained value of anti-beta actin. The sample number in each group
was five, as there were five bone defects.

2.2.5. Microcomputed tomography (uCT)

The extracted samples after 21 days of surgery were scanned
using microcomputed tomography (ScanXmate-E090; 60 kV;
80 pA; Comscan Tecno Co. Ltd., Kanagawa, Japan) on the same day.
Bone defect volumes were measured at 238.75 mg/cm> of the
threshold using Image ] software (National Institutes of Health,
Bethesda, MS, USA). A three-dimensional (3D) image of the
extracted femoral head was constructed using a 3D structural
analysis software (RATOC TRI/3D-BON; Ratoc System Engineering
Co. Ltd., Tokyo, Japan).

2.2.6. Histological observation

After scanning, the extracted tissue was fixed in 4 %
paraformaldehyde-PBS for 1 day and then washed with water for
2 days for histological observation. The extracted tissue was
decalcified with 17.7 % EDTA (OSTEOSOFT®, Merck Millipore,
Tokyo, Japan) for 14 days and washed by water and finally
embedded in paraffin. Tissue sections with a thickness of 6 pm
were prepared using a microtome and then stained with hema-
toxylin and eosin. The sliced sections were stained with an anti-
rat TNF-o. monoclonal antibody (1:1000 in PBS; TaKaRa Bio,
Shiga, Japan), anti-OCN (1:2000, monoclonal antibody to rat
osteocalcin (Clone6-7H), Takara bio, Shiga, Japan), anti-Runx2
(1:50, Anti RUNX2 (ab76956); Abcam, Cambridge, England),
and anti-SP7 (1:500, Anti-Sp7/Osterix antibody (EPR21034);
Abcam, Cambridge, England). Briefly, tissue sections were incu-
bated overnight with an anti-TNF-o. antibody at 4 °C. After
extensive washing of cells with a PBS solution, the bound
antibodies were detected using the Histofin Simple Stain
MAX PO reagent (Nichirei Biosciences, Tokyo, Japan) and dia-
minobenzidine tetrahydrochloride as the substrate. The stained
sections were observed under a light microscope.
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2.3. Statistical analysis

All data are presented as mean + standard deviation (SD). The
normal distribution of the data was verified using the
Shapiro—Wilk test. All the data were assumed to be normally
distributed. Statistical differences between groups were assessed
by analysis of variance followed by the post-hoc Tukey—Kramer
HSD multiple comparison test. Statistical analyses were per-
formed using SPSS 22.0 (IBM Japan, Tokyo, Japan). Differences were
considered statistically significant at p < 0.05.

3. Results and discussion

The aim of this study was to evaluate the bone-healing effects of
TNF-a inhibition by gene silencing, and VEGF/BMP-7 formation via
gene transfection with CaP nanoparticles loading DNA encoding for
BMP7 and VEGF, and siRNA against TNF-¢ in CaP paste in the rat
femoral head. First, the dispersed nanoparticles were analyzed. The
nanoparticle properties are summarized in Table 2. Dynamic light
scattering (DLS) revealed that the hydrodynamic diameter of the
dispersed nanoparticles ranged from 93 to 206 nm (Fig. 2), with a
polydispersity index (PDI) of approximately 0.34 (Table 2). Due to
cationic polymeric stabilization with PEI, the zeta potential was
approximately +18 mV. SEM revealed an approximately spherical
morphology with a solid core diameter of 55—83 nm (Fig. 3). Fig. 4
shows the TGA results: Approximately 17.4 wt% CMC and 66.2 wt%
CaP were found, with the remaining 9.3 wt% being water.

These characterization steps and results were the same as those
reported for the CaP nanoparticles in our previous studies
[18,22,31]. Thus, tentatively, the CaP nanoparticles prepared in this
study were considered to have the same gene transfection and gene
silencing efficiency as those prepared in our previous studies.
There, gene transfection or gene silencing using CaP nanoparticles
in Hela cells, MG-63, human mesenchymal stem cells, monocyte
macrophages, rat bone marrow-derived cells, and rat gingival-
derived cells were reported [18,22,29,30].

Fig. 5 shows the result of the release of the target proteins in the
femoral head after 10 days of surgery. The amount of TNF-a
released after treatment with CaP/PEI/siRNA-TNF-0,/SiO, was sta-
tistically the lowest among all groups, and the amount of TNF-a
released in 3mixCaP was significantly lower than those of CaP/CMC,
CaP/PEI/pVEGF/SiO,, and CaP/PEI/pBMP-7/SiO, (Fig. 5A). The
amount of BMP-7 released in CaP/PEI/pBMP-7/SiO, was statistically
the highest among all groups, and the amount of BMP-7 released in
3mixCaP was significantly higher than those of CaP/CMC, CaP/PEI/
PVEGF/SiO,, and CaP/PEI/siRNA-TNF-a,/SiO, (Fig. 5B). The amount of
VEGF released in CaP/PEI/pVEGF/SiO, was the highest in all groups
and that of 3MixCaP was significantly higher than that in CaP/CMC
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Fig. 2. Representative dynamic light scattering (DLS) measurements of the four
nanoparticle samples, together with the particle size distribution by number.

and CaP/PEI/pBMP-7/SiO (Fig. 5C). This result indicates that both
gene silencing and gene transfection were successful in the femoral
head during 10 days after CaP implantation.

However, the combined gene silencing effect or gene trans-
fection effect in 3mixCaP was smaller than that in CAP/CMC loaded
with a single-plasmid DNA or siRNA only. This suggests that the
limited number of migrating cells might limit the gene transfection
or silencing effects. The number of transgenic cells with plasmid
DNA-coded BMP-7 in 3mixCaP might be fewer than that with CaP/
PEI/pBMP-7/SiO,, and other cells in the application of 3mixCaP
might be transgenic with plasmid DNA-coded VEGF or siRNA-coded
TNF-a. We previously demonstrated that the total amount of the
released proteins resulting from gene transfection was approxi-
mately the same in the case that several kinds of plasmid-DNA are
applied at same time [27].

Next, the bone formation activity at 10 days after surgery was
biochemically investigated. The amounts of BMP-2 released in
3mixCaP was the highest among all groups, and the amounts of
BMP-2 released in CaP/PEI/pBMP-7/SiO; and CaP/PEI/siRNA-TNF-a/
SiO, were significantly higher than those of CaP/CMC and CaP/PEl/
PVEGF/SiO; (Fig. 5E). High concentration of BMP-2 released in local
area indicates high bone formation activity. The ALP activities of
3mixCaP, CaP/PEI/pBMP-7/SiO,, and CaP/PEI/siRNA-TNF-a,/SiO;
were significantly higher than those of CaP/CMC and CaP/PEI/
pPVEGEF/SiO; (Fig. 5F).

Fig. 6 shows the results of the expression level of the bone-
related proteins in the femoral head 10 days after CaP application
by Western blotting. Runx2 and SP-7 are absolute requirement for

Table 2

Properties of prepared CaP nanoparticles. PDI: polydispersity index, measured with DLS.
Sample (dispersion) CaP/PEI/siRNA/SiO, CaP/PEI/pVEGF/SiO, CaP/PEI/pBMP-7/SiO, CaP/CMC
Solid core particle diameter by SEM/nm 55+7 83 +12 59+9 71 =10
V (one nanoparticle; only CaP)/m? 8.71-10°23 2.99-10%2 1.07-10~22 8.71-10°23
m (one nanoparticle; only CaP)/kg 2.73-1071° 9.40-1071° 3.37-1071° 2.73-1071°
w(Ca?*) in the dispersion by AAS/kg m—> 0.098 0.073 0.076 25 wt%
w(Cas(PO4)s0H) in the dispersion/kg m~—> 0.246 0.183 0.191 —
N(nanoparticles) in the dispersion/m—3 8.99-10"7 1.95-10*17 5.64-10717 -
Hydrodynamic particle diameter by DLS/nm 206 93 126 -
Polydispersity index (PDI) by DLS 0.36 0.32 0.35 —
Zeta potential by DLS/mV +16 +20 +17 -
N(pDNA)/m—3 2.59-10722 2.02-10722 2.15-10722 -
m(pDNA) per nanoparticle/kg 6.46-10"19 293-107'8 9.92-10°1° —
N(pDNA) molecules per particle 2.88-10"4 1.04-10*> 3.81-104 -
Endotoxin/EU-mL™" <0.01 0.0133 0.0126 <0.01

53



T. Tenkumo, B. Kruse, K. Kostka et al.

Regenerative Therapy 25 (2024) 49—60

Fig. 3. Representative scanning electron microscopy (SEM) images of the four nanoparticle samples: (A) CaP/PEI/pVEGF-A/SiO,, (B) CaP/PEI/pBMP-7/SiO,, (C) CaP/PEI/siRNA-TNF-a/

SiOy, and (D) CaP/CMC paste matrix. Scale bars = 500 nm.
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Fig. 4. Left: Representative results from thermogravimetric analysis (TGA) of the CaP/CMC pastes matrix. Right: Infrared spectra (IR) of the pure CMC powder (red) and CaP/CMC

paste matrix (black).

osteoblast differentiation and positively influences the early stages
of osteoblast differentiation. On the other hand, OCN is expressed in
a later stage of osteoblast differentiation. Therefore, the proteins
level of OCN, Runx2 and SP-7 were investigated. The OCN levels in
3mixCaP, CaP/PEl/pBMP-7/SiO,, and CaP/PEl/siRNA-TNF-o/SiO,
were significantly higher than those in CaP/CMC and CaP/PEI/
PVEGF/SiO,. The Runx2 levels in CaP/PEI/siRNA-TNF-«/SiO, and
3mixCaP were significantly higher than those in CaP/CMC, CaP/PEI/
pBMP-7/Si0;, and CaP/PEI/pVEGF/SiO,. The SP-7 levels in 3mixCaP
were significantly higher than those in CMC/CaP, CaP/PEI/pBMP-7/
SiO,, and CaP/PEI/pVEGF/SiO,. Fig. 7 shows the gene expression 10
days after CaP application. The OCN, Runx2, and SP7 gene
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expression levels in 3mixCaP were significantly higher than those
of CaP/CMC and CaP/PEI/pVEGF/SiO,. The OCN and Runx2 gene
expressions of CaP/PEI/siRNA-TNF-«/SiO, were significantly higher
than those in CMC/CaP and CaP/PEI/pVEGF/SiO,. From these results,
the bone formation activity at the protein and gene expression
levels was highest in 3MixCaP at 10 days after surgery and this
supports the result of next morphological observation.

In terms of bone tissue regeneration, the remaining bone defect
volume of 3mixCaP was the lowest among all groups, and the
remaining bone defect volumes in CaP/PEI/siRNA-TNF-c,/SiO, and
CaP/PEI/pBMP-7/SiO, were significantly smaller than those in CaP/
CMC and CaP/PEI/pVEGF/SiO; (Fig. 8a). The remaining CaP material
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number of samples in all groups was five. Significant differences (p < 0.05) between the groups at each time point are denoted by different superscript letters (i.e., bars with the
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Fig. 6. Biochemical analyses by Western blot. Concentrations of (A) OCN, (B) Runx2, and (C) SP-7 (Osterix) after 10 days of implantation in the femoral head. The expression level of
each targeted protein was calculated using B-actin as the normalization control. The number of samples in all groups was five. Significant differences (p < 0.05) between the groups
at each time point are denoted by different superscript letters (i.e., bars with the same letter are not significantly different). (D) Representative images of OCN, Runx2, SP-7, or -

actin band on membrane.

was clearly observed in CaP/CMC and CaP/PEI/pVEGF/SiO; but not
in 3mixCaP (Fig. 8b). Neither infection nor severe inflammation,
necrosis, or drainage were observed in any of the groups (Fig. 9).
The implanted CaP paste was degraded to a large extent. More CaP
paste remained in the CMC/CaP and CaP/PEI/pVEGF/SiO2 groups. In
some places, CaP pastes were directly covered with bone or con-
nective tissue. A few foreign body giant cells were observed around
fragments. The bone defects were almost completely filled with
new bone tissue in the 3mixCaP group. The immunohistological
findings for TNF-a, OCN, Runx2, and SP-7 at 21 days after surgery
are shown in Fig. 9. More TNF-a-positive cells were observed in the
CaP/CMC, CaP/PEI/pVEGF/SiO,, and CaP/PEI/pBMP-7/SiO; groups
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than in the 3mixCaP and CaP/PEI/siRNA-TNF-0,/SiO; groups. An
OCN-positive area was observed around the remaining CaP or the
edge of bone cavity in all groups except CaP/PEI/pVEGF/SiO,.
Runx2-positive cells were observed around the remaining CaP in all
groups. More SP7-positive cells were observed around the
remaining CaP in the CaP/PEI/pBMP-7/SiO, groups and the CaP/PEI/
siRNA-TNF-a,/SiO, groups compared to the 3mixCaP, CaP/CMC, and
CaP/PEI/pVEGF/SiO, groups. We previously demonstrated that
BMP-2 which resulted from gene transfection induced by CaP
loaded on implanted scaffolds was released at least until 28 days
after implantation [29]. The successful gene transfection with CaP
loading pBMP-7 or siRNA-TNF-a at 21 days after surgery will induce
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Fig. 8. (A) Remaining bone defect volume after 21 days of implantation in the femoral head. The values and error bars indicate the mean and standard deviation values, respectively.
The number of samples in all groups was five. Significant differences (p < 0.05) between the groups at each time point are denoted by different superscript letters (i.e., bars with the
same letter are not significantly different). (B) 3D pCT images of (a) CaP/CMC, (b) 3mixCaP, (c) CaP/PEI/pVEGF/SiO,, (d) CaP/PEI/pBMP-7/SiO,, and (e) CaP/PEI/siRNA-TNF-2/SiO5.
Cross-sectional pCT images at bone defect area of (f) CaP/CMC, (g) 3mixCaP, (h) CaP/PEI/pVEGF/SiO,, (i) CaP/PEI/pBMP-7/SiO,, and (j) CaP/PEI/siRNA-TNF-a,/SiO, after 21 days of
implantation in the femoral head. Scale bars in (a)—(e) are 5000 um and those in (f)—(j) are 1 mm. The dotted line shows the outline of the remaining bone defect part.

the active bone formation in 3mixCaP, CaP/PEI/pBMP-7/SiO; and
CaP/PEI/siRNA-TNF-a,/SiO; as shown here.

CMC has a high biocompatibility and has been widely used for
wound healing or tissue regeneration [32,33]; therefore, it was
used as a base material in this study to coat the CaP nanoparticles.
Based on histological observations, the CaP paste exhibited good
biocompatibility and osteoconduction. Remnants of the CaP paste
were found in all groups at 21 days after implantation. The
remaining fragments were fewer in the 3mixCaP group, and foreign
body giant cells were not observed around fragments. These
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observations are consistent with our previous report [31], in which
a small fragment of CaP paste was observed without foreign body
giant cells around CaP fragments after 4 weeks of implantation;
however, most of the CaP pastes degraded after 12 weeks. The CaP
nanoparticles used in this study had a core diameter of
100—200 nm. Small CaP particles are easily resorbed via internal-
ization and intercellular digestion in endolysosomes [34]. Lin et al.
reported that an increase in osteogenic activity, like by BMP-2
corporation, can mediate inflammation by restraining the partici-
pation of foreign body giant cells [35].
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Fig. 9. Histological analysis after 21 days of implantation in the femoral head: (a) CaP/CMC, (b) 3mixCaP, (c) CaP/PEI/pVEGF/SiO,, (d) CaP/PEI/pBMP-7/SiO,, and (e) CaP/PEI/siRNA-
TNF-¢/Si0,. The asterisk shows remaining implanted material (CaP). Scale bars: 1600 um in low magnification of Hematoxylin and Eosin and 100 um in high magnification of

Hematoxylin and Eosin, TNF-a, OCN, Runx2 and SP-7.

The remaining bone defect volume of CaP/PEI/pBMP-7/SiO; 21
days after surgery was smaller than that of CaP/CMC, and the ALP
activity of CaP/PEI/pBMP-7/SiO; was higher in vitro. BMP-7 directly
induces osteoblast differentiation [36]. This indicates that the
released BMP-7 resulted from gene transfection and subsequently
induced bone healing.

In contrast, the remaining bone defect volume of CaP/PEI/siRNA-
TNF-2/SiO; was also smaller than that of CaP/CMC. TNF-a inhibits
osteoblast differentiation [37,38]. Abbas et al. reported that TNF-a
inhibits pre-osteoblast differentiation via core-binding factor A1l
(cbfal) activation [39]. The released volume of TNF-a decreased
with the application of CaP/PEI/siRNA-TNF-a/SiO,. The inhibition of
the released TNF-o. volume by gene silencing resulted in the
enhancement of bone healing in this study. Interestingly, the
remaining bone defect volume in CaP/PEI/siRNA-TNF-2/SiO, was
comparable to that in CaP/PEI/pBMP-7/SiO,. This suggests that the
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inhibition of TNF-a, is a useful therapy for bone regeneration or
repair, in addition to the conventional treatment in which bone
formation-related growth factors are applied. Regarding the safety
of siRNA, numerous gene therapies using siRNA have been devel-
oped for mRNA targeting, and they are in the clinical trial stage of
investigation. Gene therapy using siRNA has been approved by the
Food and Drug Administration (FDA) in the USA [40].

The inhibition of VEGF activity disrupts the repair of femoral
fractures and cortical bone defects [41]; therefore, VEGF activity is
essential for angiogenesis and bone healing.

CD31 is a marker of vascular endothelial cells. CD31 in CaP/PEl/
PVEGF/SiO, and 3mixCaP was higher than that in CaP/CMC, CaP/
PEI/pBMP-7/SiO2, and CaP/PEI/siRNA-TNF-a/SiO; (Fig. 5D). This in-
dicates that vascularization by VEGF release resulting from gene
transfection might succeed. VEGF promotes angiogenesis, induces
bone-formation-related growth factors, recruits bone-formation-



T. Tenkumo, B. Kruse, K. Kostka et al.

related cells, and induces the differentiation of osteoblasts and
indirectivity to form new bone tissue [1,2]. However, in the present
study, the remaining bone defect volume of CaP/PEI/pVEGF/SiO;
was comparable to that of CaP/CMC. Some studies demonstrated
that bone formation was not improved or enhanced in a bone
defect model by the single application of VEGF, while the values of
VEGF expression, cell numbers, blood vessel area, and blood vessel
volume were high [42—46]. On the other hand, the amounts of
BMP-2 and BMP-7 in 3mix/CaP were higher than those in CaP/PEI/
PVEGF/SiO,, and the concentration of CD31 was approximately the
same in this study. This indicates that the management of the
microenvironment after vascularization might be important for
bone tissue regeneration.

In this study, bone healing was most enhanced in the case of
3mixCaP. The concentrations of BMP2, VEGF, and TNF-o. were
significantly different from that of CaP/CMC, and the expressions of
OCN, Runx2, and SP7 both at protein and gene levels were the
highest in all groups. This indicates that the (simultaneous) release
of different growth factors together with the reduction of inflam-
matory cytokines independently contributed to bone formation in
the 3mixCaP group. First, BMP-7 itself exhibits strong osteogenesis
[36]. Second, TNF-a inhibits BMP-induced osteoblast differentiation
by activating SAPK/JNK signaling [47]. The inhibition of TNF-a
release by gene silencing not only removes suppression and inhibits
osteoblastogenesis by TNF-a but also enhance BMP-induced bone
formation. Ratanavaraporn et al. demonstrated a significant inhi-
bition of TNF-a-enhanced bone regeneration following BMP-2
application [17]. BMP enhances bone formation via several
signaling pathways [48—50]. BMP-7 induces bone formation via the
SMAD pathway [51]; thus, bone formation through the inhibition of
TNF-o. might have occurred independently via a different pathway
in this study. Third, the vascularization resulting from VEGF release
might recruit much more osteogenesis-associated cells or growth
factors like BMP-2 by local stimulation of osteogenesis-associated
growth factors like BMP-7. The release amounts of BMP-2 or
BMP-7 in 3mixCaP was higher in this study.

In general, viral vectors have a higher gene transfection effi-
ciency than nonviral vectors; however, the risk of cytotoxicity [52],
immunogenicity [53], and potential recombination or comple-
mentation [54] cannot be neglected for viral vectors. Cell activities
like proliferation, differentiation, or intercell interactions are high
in tissue regeneration or repair reactions. Avoiding these risks is
advantageous for tissue regeneration therapy. By contrast, plasmid
DNA generally does not transfect by itself and is degraded in cells
and tissue by nucleases; thus, a nonviral gene delivery was used in
this study, i.e. a nanoparticle with encapsulated nucleic acids. A
nonviral transfection is therefore transient in nature and not per-
manent. In addition, the presence of calcium phosphate will induce
bone formation by itself [21].

The present study demonstrated the usefulness of a simulta-
neous BMP-7 and VEGF release and TNF-a inhibition for bone
regeneration. However, the applied doses of plasmid-DNA or siRNA
were not varied in this study as this would have required hundreds
of test animals. Furthermore, the bone defects prepared in this
study were not of a critical size. In the future, the relationship be-
tween the adequate dose of plasmid-DNA or siRNA and the bone
defect size should be assessed for bone tissue regeneration.

4. Conclusion

In this comprehensive animal study, we evaluated bone healing
in bone defects prepared in the rat femoral head by gene trans-
fection and gene silencing techniques with DNA- and siRNA-loaded
CaP nanoparticles, applied as a paste. The application of the DNA-
loaded CaP nanoparticle paste induced a successful local
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biosynthesis of BMP-7 and VEGF, respectively, and the application
of a siRNA-loaded CaP nanoparticle paste successfully inhibited the
biosynthesis of TNF-a. The CaP paste, including either plasmid DNA
encoding for BMP-7 or siRNA inhibiting TNF-c, significantly
enhanced bone healing after 3 weeks of implantation compared to
the case of a CaP control paste without nucleic acids. OCN, Runx2,
and SP7 were significantly increased at the protein and gene levels
in a CaP paste containing both types of DNA (BMP-7 and VEGF-A) as
well as siRNA inhibiting TNF-a, 10 days after implantation. This
triple-functionalized CaP paste most significantly accelerated bone
healing. In summary, the triple-functionalized CaP paste containing
plasmid DNA encoding for BMP-7 or VEGF and siRNA inhibiting
TNF-o is a promising gene therapeutic for enhanced bone regen-
eration, e.g. in orthopedic surgery and dental surgery.
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