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Abstract

Objective:  To investigate the osteogenic effect of siRNA-loaded colla-
gen/bioactive glass composite materials. Methods: Three groups of composite
materials were prepared by freeze-drying: collagen/bioactive glass, colla-
gen/bioactive glass loaded with negative control siRNA, and collagen/bioactive
glass loaded with noggin siRNA. The CCKS8 assay was used to detect the
effects of extraction solutions from the three different scaffold materials
on cell proliferation in the blank control group, while ALP activity assay,
q-PCR, and Alizarin Red staining were employed to evaluate the effects of
the three different scaffolds on MC3T3 cell mineralization. Results: After
co-culturing MC3T3 cells with material extraction solutions for 3 and 5 days,
cell proliferation numbers in the collagen/bioactive glass composite group,
the negative control siRNA-loaded collagen/bioactive glass composite group,
and the noggin siRNA-loaded collagen/bioactive glass scaffold group were all
significantly higher than those in the blank control group (P<0.05). After
14 days of culture, the ALP activity in the siRNA-loaded collagen/bioactive
glass scaffold group was significantly higher than that in the pure scaffold
group (P<0.05). After 14 days of culture, the expression levels of ALP, Runx2,
and BSP in the siRNA-loaded collagen/bioactive glass scaffold group were
significantly higher than those in the pure scaffold group (P<0.05). Alizarin
Red staining results demonstrated that more mineralized nodules were formed
in the siRNA-loaded collagen/bioactive glass scaffold group compared with the
other groups (P<0.05). Conclusion: The siRNA-loaded collagen/bioactive glass
composite scaffold exhibits good biocompatibility, and the collagen/bioactive
glass composite material and noggin siRNA can synergistically enhance
osteogenesis.
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Abstract

Objective: To investigate the osteogenic effect of collagen/bioglass composites
loaded with a small interfering RNA (siRNA) targeting noggin. Methods:
Three types of composites were prepared by freeze-drying: collagen/bioglass
alone, collagen/bioglass loaded with negative control siRNA, and colla-
gen/bioglass loaded with noggin siRNA. CCK-8 assay was used to evaluate the
proliferation of MC3T3 cells exposed to aqueous extracts of these composites.
ALP activity assay, quantitative real-time PCR, and Alizarin Red staining
were employed to assess the effects of the three composites on mineralization
in MC3T3 cells. Results: After 3 and 5 days of co-culture with material
extracts, all three composite groups showed significantly higher cell prolifera-
tion compared to the blank control group (P<0.05). At 14 days, the noggin
siRNA-loaded collagen/bioglass scaffold group exhibited significantly higher
ALP activity than the scaffold-only group (P<0.05). After 14 days of culture,
the siRNA-loaded collagen/bioglass scaffold group showed significantly higher
expression levels of ALP, Runx2, and BSP compared to the scaffold-only group
(P<0.05). Alizarin Red staining revealed significantly more mineralized nodules
in the siRNA-loaded collagen/bioglass scaffold group than in the other groups
(P<0.05). Conclusion: The collagen/bioglass composite scaffold loaded with
siRNA exhibits good biocompatibility, and the combination of collagen/bioglass
composite with noggin siRNA synergistically promotes osteogenesis.
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Introduction

The rapid repair of bone defects has long been a focal point in medical re-
search. Since the discovery of RNA interference (RNAI) in the late 1990s, siRNA
has been widely investigated for local therapeutic applications due to its abil-
ity to specifically induce gene silencing. However, the susceptibility of siRNA
to degradation necessitates the development of effective local sustained-release
systems, which represent a critical component of siRNA-based local therapy.
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Concurrently, various osteogenic materials have emerged, among which colla-
gen/bioglass composites have attracted considerable attention by combining the
excellent osteogenic activity of bioglass with the superior biological properties
of collagen. Both collagen and bioglass have been reported as siRNA delivery
vehicles, yet their osteogenic capacity remains limited.

Noggin protein, a member of the transforming growth factor superfamily, acts
as an antagonist to bone morphogenetic proteins BMP-2, -4, -5, -6, and -7 by
binding these proteins and preventing their interaction with receptors. High nog-
gin expression can inhibit osteogenic differentiation of pre-osteoblastic MC3T3
cells and reduce calvarial defect repair in mice. While siRNA noggin and colla-
gen/bioglass composites have been applied separately in osteogenesis, whether
this delivery system itself possesses local osteogenic promoting capabilities when
combined remains unreported. This study aims to integrate the osteogenic ef-
fects of siRNA noggin and collagen/bioglass to design a collagen/bioglass com-
posite loaded with siRNA, thereby achieving local sustained release of siRNA
while enabling synergistic enhancement of osteogenesis.

Materials and Methods
1.1 Main Materials

The main materials included a-MEM medium, fetal bovine serum, and
trypsin =~ (Gibco, USA); ethyl-3-(3-dimethylaminopropyl) carbodiimide,
N-hydroxysuccinimide, and chitosan (Sigma, USA); siRNA(noggin) and
StealthTM RNAi Negative Control Duplexes (Invitrogen, USA); RT-PCR re-
verse transcription kit, PCR primers, and PCR kit (Takara, Japan); Triton-100
(Boster, China); alkaline phosphatase kit (Nanjing Jiancheng, China); CCK-8
kit, BCA protein quantification kit, and alizarin red staining solution (Beibo,
China); collagen (KaoLisen, China); and bioactive glass (self-prepared).

1.2.1 Synthesis of siRNA-Loaded Collagen/Bioglass Composites

Chitosan powder was dissolved in 0.2 mol/L acetic acid to obtain a 4% chitosan
solution. Bioactive glass powder was then dispersed in this solution to prepare
a bioglass-chitosan solution at a mass ratio of 8:1 (bioglass:chitosan). Collagen
was dissolved in 2% acetic acid to prepare a 70 mg/mL collagen solution. The
bioglass/chitosan solution was slowly added to the collagen solution at a colla-
gen/bioglass ratio of 3:2, with appropriate amounts of ethanesulfonic acid added
to maintain the pH at approximately 4.8. After 24 hours of stirring, a slurry-like
solution was obtained. A solution of 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and N-hydroxysuccinimide (NHS) at 4:1 ratio was prepared at 2.5
mg/mL, and the slurry was added to this solution and maintained at 4°C for
24 hours. The pH was adjusted to 7.2 with 1 mol/L. NaOH solution, and the
slurry concentration was adjusted with ddH,O to a final collagen concentra-
tion of 30 mg/mL. The slurry was then aliquoted into plastic molds (48-well
plates) at a height of 3 mm. siRNA was mixed with branched PEI (12,000 Da,
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Sigma) at an N/P ratio of 15 in pH 7.4 nuclease-free PBS to form polyplexes.
After 30 minutes, 4.5 L of siRNA polyplex solution was added to each well,
immediately frozen, and freeze-dried for 24 hours to obtain the siRNA-loaded
collagen /bioglass scaffolds.

1.2.2 CCK-8 Cytotoxicity Test of Scaffold Extracts

Scaffolds with a height of 1 mm and diameter of 10 mm were prepared.
For noggin-loaded collagen/bioglass scaffolds, 3 L of 20 nmol/L noggin was
added. Three samples each of collagen/bioglass scaffolds, noggin-loaded col-
lagen /bioglass scaffolds, and negative control siRNA-loaded collagen/bioglass
scaffolds were placed in 10 mL centrifuge tubes with 5 mL of a-MEM complete
medium containing 10% FBS and 1% penicillin-streptomycin. Extracts were
collected after 3 days of incubation at 37°C in a humidified 5% CO, cell
culture incubator and stored at 4°C. Logarithmic-phase cells were digested,
resuspended, and seeded in 96-well plates at 1$x107{4}$ cells/cm?. After
overnight culture, the old medium was removed, and each well received 0.1 mL
of different sample extracts (blank group received 0.1 mL serum-containing
medium) with six replicate wells per group. At 1, 3, and 5 days, CCK-8
reagent was diluted 1:10 with serum-free medium, and 100 L of the mixture
was added to each well. After 1-2 hours of incubation, absorbance at 450 nm
was measured using a microplate reader, with results averaged across six wells.

1.2.3 ALP Activity Assay

Scaffolds with a height of 1 mm and diameter of 10 mm were prepared. For
noggin-loaded collagen/bioglass scaffolds, 12 L of 20 nmol/L noggin was
added. Each scaffold was divided into four equal parts for experiments. Cells
(1.0$x107{5}% per scaffold) were seeded onto scaffolds and incubated at
37°C with 5% CO,. After 4 hours, 2 mL of osteogenic medium was added.
Additionally, 1.0$x107{5}$ cells were directly seeded in 6-well plates as a
reference. Medium was changed every 3 days with three replicate wells per sam-
ple. Experimental groups included: collagen/bioglass scaffold, noggin-loaded
collagen /bioglass scaffold, and negative control siRNA-loaded collagen/bioglass
scaffold. After 14 days of culture, cells were washed with cold PBS, treated with
0.5% Triton X-100 for 30 minutes on ice to increase membrane permeability.
Protein concentration was determined using BCA protein quantification kit
according to the manufacturer’s instructions.

1.2.4 g-PCR Detection of Osteogenesis-Related Gene Expression

Cell seeding and culture methods followed the same protocol as described in
section 1.2.3. Quantitative real-time PCR was used to detect expression of
endogenous ALP, Runx2, and BSP genes. Total RNA was extracted using
TRIzol reagent, reverse-transcribed into cDNA using Takara PrimeScript® RT
reagent kit, and subjected to RT-PCR using Takara SYBR® Prime Ex Taq™
kit to detect noggin gene expression levels. Primer sequences are listed in .
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1.2.5 Alizarin Red Staining

Cell seeding and culture methods were identical to those described above.
Experimental groups included: blank control, collagen/bioglass scaffold,
noggin-loaded collagen/bioglass scaffold, and negative control siRNA-loaded
collagen /bioglass scaffold, with cells directly seeded on 6-well plates serving as
reference. After 14 days of culture, cells were fixed with 4% paraformaldehyde
for 10 minutes, stained with 10 mg/mL Alizarin Red for 30 minutes, and
washed three times with PBS. Mineralized nodules were observed under an
inverted phase-contrast microscope, and mineralization area was calculated
using IPP 6.0 software (Image-Pro Plus 6.0).

1.3 Statistical Methods

Statistical analysis was performed using SPSS 22.0 software. Unpaired t-tests
were used for comparison of means between two groups, with P<0.05 considered
statistically significant.

Results
2.1 CCK-8 Cytotoxicity Test of Scaffold Extracts

The CCK-8 cytotoxicity test results are shown in [Figure 1: see original pa-
per]. On day 1 of culture, no significant differences in cell proliferation were
observed among groups. However, after 3 and 5 days of culture, the three
composite groups showed significantly higher cell proliferation compared to the
blank control group (P<0.05). No significant difference in proliferation was
detected between the negative control siRNA-loaded collagen/bioglass scaffold
group and the noggin-loaded collagen/bioglass scaffold group.

2.2 ALP Activity Detection

ALP activity assay results revealed no significant differences among groups af-
ter 7 days of culture. However, at 14 days, the noggin-loaded collagen/bioglass
scaffold group exhibited significantly higher ALP activity compared to both the
negative control siRNA-loaded collagen/bioglass scaffold group and the colla-
gen/bioglass scaffold group (P<0.05).

2.3 q-PCR Detection of Osteogenesis-Related Gene Expression

Quantitative analysis of osteogenesis-related genes at the RNA level by q-PCR
is presented in [Figure 3: see original paper]. After 14 days of culture, the
noggin-loaded collagen/bioglass scaffold group showed significantly higher ALP
expression compared to the negative control siRNA-loaded collagen/bioglass
scaffold group and the collagen /bioglass scaffold group (P<0.05). Additionally,
Runx2 and BSP expression levels in the noggin-loaded collagen/bioglass scaffold
group were significantly higher than those in the other two groups (P<0.05).
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2.4 Alizarin Red Staining

After 14 days of osteogenic induction, Alizarin Red staining revealed minimal
scattered red spots in the cell-only group [Figure 4A: see original paper]. Both
the negative control siRNA-loaded collagen /bioglass scaffold group and the colla-
gen/bioglass scaffold group showed dense red nodules in scaffold-dispersed areas
[FIGURE:4B, C]. The noggin-loaded collagen/bioglass scaffold group exhibited
numerous mineralized nodules with orange-red coloration, with extensive distri-
bution of red nodules in scaffold-dispersed areas forming confluent sheets [Figure
4D: see original paper|. Quantification of mineralized nodule area using IPP 6.0
software demonstrated that the noggin-loaded collagen/bioglass scaffold group
produced significantly more mineralized nodules than the other three groups
(P<0.05). Both the negative control siRNA-loaded collagen/bioglass scaffold
group and the collagen/bioglass scaffold group showed higher mineralized nod-
ule formation than the blank control group (P<0.05) [Figure 4E: see original

paper].

Discussion

The discovery of RNAi in the late 1990s opened a new therapeutic frontier
through siRNA-mediated specific gene silencing. Compared to other RNAi
methods, siRNA offers significant advantages by directly interacting with the
RNA-induced silencing complex (RISC) machinery, enabling simple dose con-
trol and obviating the need for nuclear entry. However, widespread clinical
application of siRNA therapy remains challenging, with the primary obstacle
being overcoming anatomical and physiological barriers to deliver siRNA into
target tissue cells. Local siRNA therapy offers distinct advantages over systemic
administration by ensuring effective local concentrations and reducing off-target
effects. Numerous clinical trials have employed local injection and topical ap-
plication of siRNA, achieving spatiotemporal control through sustained local
release systems. In this study, the collagen/bioglass material demonstrated ex-
cellent local osteogenic effects when used as a siRNA delivery system, suggesting
its potential as a novel bone tissue engineering material.

Our findings indicate that extracts from collagen/bioglass composites promote
osteoblast proliferation. Collagen, an enzymatically degradable fibrous extra-
cellular matrix component, interacts with cells to influence morphology, cy-
toskeletal assembly, and proliferation. Calcium and phosphorus ions released
from bioactive glass are essential components of bone tissue that accelerate os-
teoblast mineralization and proliferation. Polyethylenimine (PEI), widely used
as a non-viral gene transfection vector, complexes with siRNA through electro-
static interactions and protects siRNA from nuclease degradation via its proton
sponge properties. PEI has successfully delivered DNA and siRNA to brain,
lung, abdominal, and tumor tissues in numerous in vivo experiments. In this
study, PEI served as a transfection reagent to successfully deliver noggin siRNA
into cells. The low PEI dosage used showed no significant cytotoxicity, consis-
tent with previous reports. Notably, noggin inhibition did not significantly

chinarxiv.org/items/chinaxiv-201806.00158 Machine Translation


https://chinarxiv.org/items/chinaxiv-201806.00158

ChinaRxiv [$X]

promote osteoblast proliferation in our study, contrasting with previous find-
ings that BMP-2 promotes osteoblast proliferation and that noggin inhibition
enhances this effect. This discrepancy may be attributed to the relatively low ef-
fective concentration of noggin in our experimental system, resulting in minimal
proliferative effects.

Research on the mechanisms regulating bone tissue growth and mineralization
has identified two distinct phases: proliferation and mineralization. The tran-
sition from early osteoblast proliferation to final mineralization results from
sequential gene regulation. Studies have shown that FGF-2, which induces
dedifferentiation, acts during the initial proliferation phase, whereas BMP-2
promotes osteoblast differentiation and mineralization with minimal effects on
proliferation. Our results align with these findings, as did Betz et al’s observa-
tion that delayed BMP-2 administration yields greater bone defect repair with
enhanced mineralization and mechanical strength.

To evaluate the osteogenic effects of different materials on MC3T3 cells, we
first examined ALP activity. ALP, an important extracellular matrix protein
secreted by osteoblasts, participates in regulating bone maturation and calci-
fication, with its activity serving as a key indicator of mineralization capacity
and osteogenic transformation potential. While no significant differences were
observed among groups at 7 days, the noggin-loaded collagen/bioglass scaffold
group showed significantly higher ALP activity at 14 days compared to the
other groups. Previous studies have demonstrated that local sustained release
of noggin from polyethylene glycol (PEG) hydrogels enhances stem cell ALP
activity, consistent with our findings.

Beyond ALP, we examined Runx2 and BSP gene expression as markers of early
and late osteogenic differentiation, respectively. After 14 days of culture on
the materials, the noggin-loaded collagen/bioglass scaffold group showed signif-
icantly higher ALP expression than the control groups, corroborating our ALP
activity results. Moreover, Runx2 and BSP expression, particularly Runx2, was
significantly elevated in the siRNA-loaded group. Downregulation of noggin led
to increased expression of ALP, Runx2, BSP, and other osteogenesis-related
genes, especially Runx2, consistent with Nguyen et als findings. Fan et al. sim-
ilarly reported that noggin downregulation increased expression of osteogenic
genes including ALP, Runx2, and BSP, though they observed no significant
difference in Runx2 compared to other genes. Since the BMP-Smad signal-
ing pathway plays a crucial role in osteogenesis, they further demonstrated
that noggin inhibition enhances BMP-Smad signaling, increasing Smad 1/5/8
phosphorylation and upregulating Runx2 and OCN expression. As Runx2 is di-
rectly regulated by the BMP signaling pathway, noggin downregulation directly
increases Runx2 expression, explaining our results.

Mineralized nodule formation is critical in osteogenesis research. Our Alizarin
Red staining after 14 days of osteogenic induction revealed numerous orange-red
mineralized nodules in the noggin-loaded collagen/bioglass scaffold group, with
extensive distribution forming confluent sheets. Quantitative analysis confirmed
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significantly higher mineralized nodule formation in this group compared to the
other three groups, consistent with previous studies. Both the negative control
siRNA-loaded collagen/bioglass scaffold group and the collagen/bioglass scaf-
fold group showed greater mineralized nodule formation than the blank control
group. These results demonstrate that collagen/bioglass composites possess in-
herent osteogenic capacity, which is further enhanced by noggin siRNA loading.

In summary, this study confirms that extracts from siRNA-loaded colla-
gen/bioglass composites promote cell proliferation, indicating good biocom-
patibility.  Furthermore, we validated the excellent osteogenic effects of
siRNA-loaded collagen/bioglass materials, suggesting their potential as a novel
bone tissue engineering material to enhance local osteogenic capacity in bone
defect regions.
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