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Purpose: MicroRNA-34c-5p (miR-34c-5p) plays a pivotal role in bone remodeling, yet its therapeutic potential is hindered by 
challenges such as instability, limited cellular internalization, and immune responses. This study was aimed at developing innovative 
scaffolds capable of efficiently delivering microRNAs (miRNAs), specifically miR-34c-5p.
Methods: Chitosan (CS)/sodium tripolyphosphate (STPP)/sodium alginate (SA) scaffolds, referred to as CTS scaffolds, were synthesized 
at a specific ratio and characterized using dynamic light scattering and scanning electron microscopy (SEM). Cytotoxicity assessments were 
conducted through cell activity staining. The loading capacity and releasing performance of miRNAs were quantified using spectro-
photometry. Subsequently, the in vivo efficacy of miR-34c-5p Agomir/Antagomir in regulating bone repair was evaluated in the rabbit 
cranial bone defect model, with micro-CT scanning and histological analysis conducted at 4, 8, and 12 weeks.
Results: CTS scaffolds with a composition ratio of 1:0.2:0.1 were successfully synthesized, exhibiting a mean particle size of 360.1 
nm. SEM revealed scaffolds had the porous spongy structure. Cell activity staining confirmed the excellent biocompatibility of the 
CTS scaffolds. Spectrophotometry demonstrated miR-34c-5p Antagomir were continually released, reaching 91.41% within 30 days. 
Differential new bone formation was observed between the miR-34c-5p Agomir and Antagomir groups. Micro-CT imaging and 
histological staining revealed varying degrees of bone regeneration, with notable improvements in the miR-34c-5p Antagomir group.
Conclusion: CTS scaffolds with a composition ratio of 1:0.2:0.1 demonstrate favorable biocompatibility and enable efficient loading 
and sustained release of miR-34c-5p Antagomir. The study suggests potential applications of miR-34c-5p Antagomir in promoting 
bone repair and highlights the promise of innovative scaffolds for therapeutic miRNAs administration in bone regeneration.
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Introduction
MicroRNAs (miRNAs) play a crucial role in cell functions such as proliferation, apoptosis and regulating differentiation on 
mesenchymal stem cells.1–3 Meanwhile, miRNAs have been shown to significantly alter protein expression levels in bone 
remodeling. Previous studies indicated exosome-mediated miRNAs can be delivered to recipient cells. Of particular interest is 
miR-34c-5p, which has been implicated in various aspects of bone remodeling. For instance, miR-34c-5p was found to be up- 
regulated in PGE2-induced exosomes derived from periodontal ligament cells, exerting the notable influence on bone 
remodeling through the MDM4 pathway.4 Furthermore, recent studies have highlighted the involvement of miR-34c-5p in 
regulating the lipogenic differentiation on bone marrow mesenchymal stem cells,5 as well as in the proliferation and 
differentiation on periodontal ligament stem cells.6 Additionally, miR-34c plays a pivotal role in osteogenic differentiation, 
impacting both dental pulp and bone marrow stem cells.7 Our previous research contributed to demonstrate that exosomal 

International Journal of Nanomedicine 2024:19 12939–12956                                          12939
© 2024 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress

Open Access Full Text Article

Received: 8 June 2024
Accepted: 22 November 2024
Published: 2 December 2024

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


miR-34c-5p inhibits osteogenic differentiation on periodontal ligament stem cells via the SATB2/ERK pathway.8 Given these 
findings, miR-34c-5p emerges as a potential target for modulating bone remodeling processes.

Given the potential of exogenous miRNA mimics for bone tissue regeneration, it is crucial to develop suitable 
scaffolds that can efficiently carry and deliver these miRNAs to the target bone tissue.9 However, several technical 
challenges and safety concerns need to be addressed, including the short half-life and degradation of miRNAs in the 
bloodstream. These issues pose significant hurdles in the application of miRNAs for in situ bone defect regeneration.10,11 

To overcome these challenges, researchers have been focusing on developing platforms that can accumulate miRNAs at 
specific sites of interest, achieving tissue-specific targeting. Over the past decade, various advanced scaffolds have been 
designed for bone regeneration, with the microporous framework that mimics the physical characteristics of the 
extracellular matrix and supports cell adhesion, migration, and morphogenesis.12 Among these scaffolds, porous 
scaffolds are considered more suitable for drug delivery systems due to their ability to provide a stable and controlled 
release of therapeutic agents.13 To address the delivery of miRNAs, various strategies have been attempted. Zhang et al 
demonstrated the stabilizing effect of extracellular vesicles on miRNAs, which offered the promising approach for 
in vivo miRNA research.14 Additionally, the novel in-situ nano-composite hydrogel with ROS-controlled drug release 
had been developed for the repair of irregular cartilage defects. This hydrogel effectively promoted the regeneration of rat 
articular cartilage defects, highlighting the potential of controlled release systems in tissue regeneration.15

Chitosan (CS) is the natural polysaccharide with positively charged properties,16 has shown great potential in forming 
nanoscale complexes with negatively charged nucleic acids such as siRNAs and miRNAs.17,18 This unique interaction 
allows CS to serve as a non-viral vector for the delivery of therapeutic nucleic acids. Sodium tripolyphosphate (STPP) is 
another key component in the preparation of vector-carrying due to its good biocompatibility and ability to induce 
collagen mineralization.19 Nanoparticles can be prepared by ion crosslinking between positively charged CS and 
negatively charged STPP. The current research showed that plasmid DNA, siRNAs, miRNAs, proteins and anticancer 
drugs can be delivered safely by chitosan-based non-viral vectors.20,21 In this study, the novel scaffold composed of CS, 
STPP, and Sodium alginate (SA) was developed for the delivery of miRNAs. In animal experiments, the rabbit 
cranioparietal critical-sized defect (CSD) model was always used to evaluate assessment of biocarrier materials and 
cell-free therapies in the minimally invasive and non-healing defect environment.22,23

The present study aims to further explore the therapeutic potential of miR-34c-5p by developing the novel delivery 
system that can efficiently transport miRNAs, with its impact on bone repair and regeneration. Additionally, the rabbit 
cranioparietal CSD model was adopted to assess the therapeutic impact of miR-34c-5p Agomir and Antagomir. We 
expect this novel design would find an original, effective strategy for new advancements in therapeutic nucleic acid 
delivery and tissue regeneration.

Material and Methods
Materials
CS of 100 kDa with a 90% deacetylation degree was procured from Aladdin Co., Ltd. (Shanghai, China). STPP was 
sourced from Wanvi (Shanghai, China); meanwhile, SA was obtained from Solarbio (Beijing, China). The miR-34c-5p 
Agomir (5’-AGGCAGUGUAGUUAGCUGA-3’) and miR-34c-5p Antagomir were acquired from Sangon Biotech Co., 
Ltd. (Shanghai, China).

Preparation of CTS/miR-34c-5p Nanoparticles
The scaffolds were prepared by the mixture of different CS/STPP/SA (CTS) volume ratios (①1:0.1:0.02; 
②1:0.2:0.02;③1:0.2:0.05;④1:0.2:0.1;⑤1:0.2:0.5). 1 g CS (1%, w/v) was dissolved in 0.1 M acetic acid solution to 
obtain 1 mg/mL CS-acetic acid solution. STPP (1 mg/mL) and SA (1 mg/mL) were mixed in ultra-pure water and filtered 
with the 0.22 μm membranes. The pre-mixed STPP/SA solution with different volume ratios was added to the CS 
solution dropwise and stirred for 2 h to form the fixed nano-particles (NPs) of CTS. For the preparation of the scaffolds, 
100 μL of each CTS mixture was pipetted onto a 96-well plate and spread as evenly as possible to eliminate bubbles. The 
mixtures were then frozen at −20°C for 24 h and subsequently freeze-dried for 9 h to form loose porous scaffolds. Prior 
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to experimentation, the scaffolds were sterilized at 110°C for 30 mins. To form the complex, 5 nmol of miR-34c-5p 
Antagomir solution was added to the CTS scaffolds at a molar ratio of N/P=20:1 (N/P, refers to positive amino groups in 
CS versus negatively charged phosphate groups in miRNA).

Characterization of CTS/miR-34c-5p NPs
The diameter and polymer dispersity index (PDI) of the CTS scaffolds were measured using the NS300 nano-size 
analyzer (Malvern, UK). These measurements were taken at a temperature of 25°C, with a detection angle of 90° and 
a wavelength of 488 nm (blue).

To determine the water absorption of the CTS scaffolds, scaffolds with different ratios were placed in ultra-pure water 
overnight. Prior to measurement, any surface moisture was removed using filter paper, and the mass of the scaffolds was 
recorded as M1. Subsequently, the scaffolds from each group were vacuum dried for 9 h, and their mass was recorded as 
M2. The water absorption expansion rate was calculated using the formula: (M1-M2)/M2×100%.

The porosity of the scaffolds was evaluated using the modified liquid displacement method. First, anhydrous ethanol 
was poured into a measuring cylinder, and the initial volume was noted as V1. The freeze-dried scaffold was then 
immersed in the ethanol for 5 minutes, and the volume of the ethanol after immersion was recorded as V2. After 
removing the scaffold, the residual volume of the ethanol was measured as V3. The porosity of the scaffolds for each 
group was calculated using the following formula: (V1-V3)/(V2-V3)×100%. These measurements and calculations were 
used to guide the selection of the optimal formulation ratio among the different groups.

The morphology of freeze-dried CTS scaffold was observed by SEM (Zeiss Gemini 300) at room temperature after 
sputter coating with gold on copper grids. By examining the scaffolds under the SEM, detailed information about their 
structure and surface features can be obtained.

Cytotoxicity and miRNA Transfection
The MC3T3-E1 cell line, used for in vitro experiments, was sourced from Procell (Wuhan, China). Cells were cultured in 
α-MEM medium (Gibco, Invitrogen, USA), supplemented with 15% fetal bovine serum (TIANHANG, China). The 
cytotoxic effect of the scaffolds on MC3T3-E1 cells was assessed using the live/dead cell staining kit (Beyotime, China). 
MC3T3-E1 cells were inoculated in 24-well plates and divided into two groups. (i) Control group: normal culture for 1, 3 
and 5 days. (ii) CTS group: freeze-dried CTS scaffolds were placed in the upper chamber and co-cultured with the cells 
for 1, 3 and 5 days. After culturing, cells were washed with PBS, and then incubated with Calcein and propidium iodide. 
The staining was observed under the fluorescence microscope. The live (green) and dead (red) MC3T3-E1 cells were 
evaluated by the live/dead assay. The cell viability was calculated by the following equation: cell viability = [live cells/ 
(live+dead cells)]×100%, (n = 3).

To assess the miRNAs transfection efficacy of CTS NPs, we inoculated the cells at a density of 2×105 cells/wall 
into NPs containing different ratios of load. At the 24-hour and 14-day time points, cells were washed twice with 
PBS and collected with lysate. The content of miRNA was measured with miDETECT A Track miRNA qRT-PCR 
Starter Kit (RIBOBIO C10712-1, Guangzhou, China). As the blank control group, cells were subjected to no 
intervention.

Gel Retardation Analysis
Equal quantities of miR-34c-5p Antagomir were mixed with different ratios of CTS NPs and 2× RNA loading buffer to 
a 2% agarose gel. The resulting samples were loaded into designated wells along with small RNA ladder (Beyotime, 
Beijing, China). Gel electrophoresis was conducted using 1× Tris-borate ethylenediaminetetraacetic acid buffer at 110 
V for 20 min. Gel imaging system (Bio-Rad, US) was employed to visualize and capture images of the gel. Additionally, 
both naked miR-34c-5p Antagomir and CTS/miR-34c-5p Antagomir underwent individual incubation with 1 mg/mL 
RNase A at 37°C for 1 h to evaluate the protective capability of CTS scaffolds.
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Measurement of Loading Ratio
The loading ratio of miR-34c-5p Antagomir on CTS scaffolds was determined using a spectrophotometer (Kaiao 
Technology, Beijing, China). The miR-34c-5p Antagomir was set at a fixed N/P ratio of 20:1 and gently combined 
with scaffolds featuring different CTS ratios. The initial total amount of miRNAs was recorded as W0. Subsequently, 
10 μL supernatant from centrifugation at 10, 000 rpm for 10 min was extracted from each sample for analysis. The 
concentration of miRNA was assessed using the RNA detection channel of the spectrophotometer, enabling the 
determination of the remaining miRNA content (W1). The loading ratio of CTS scaffolds for miR-34c-5p Antagomir 
was calculated using the formula: Loading ratio = (W0-W1)/W0×100%.

Assessment of Release Performance
CTS scaffolds were prepared using the designated volume ratio. To evaluate the release effect of miR-34c-5p from the 
scaffolds, 250 μL complex was dispensed into the 48-well plate and subjected to freeze-drying. Based on N/P=20:1, the 
miR-34c-5p Antagomir was added to form the CTS/miR-34c-5p Antagomir complex. The initial total amount of 
miRNAs was recorded as W0. Subsequently, the miRNA concentration in the supernatant was measured over a span 
of 30 days at various time points. The releasing ratio of CTS scaffolds for miR-34c-5p Antagomir was calculated using 
the formula: Releasing ratio = Wx/W0×100% (X represents the measuring day).

Rabbit Calvarial Bone Formation Induced by CTS Scaffolds
The animal model protocols of this study were approved by the Ethics Committee of Tianjin Stomatological Hospital 
Ethics Committee (PA2021-B-002). We followed the guideline for ethical review of animal welfare for laboratory 
animals (GB/T 35892–2018). A total of 16 New Zealand rabbits (aged 3 months and weighed 2.5±0.5 kg) were provided 
by the Institute of Radiological Medicine of the Chinese Academy Medical Sciences [Animal license number: SCXK 
(Tianjin) 2021–0001] for feeding and perioperative management.

After 1 week of adaptive feeding, the experimental animals were modeled according to the unified standard. The 
surgical animals were anesthetized with 2% nasal isoflurane in oxygen, then placed in a prone position on a fixed table, 
and the limbs and head were fixed. During surgery, a dry heating pad was placed to maintain the animal’s body 
temperature. The operative area was disinfected, and covered with sterile drapes. Copious sterile saline was irrigated to 
remove debris and to avoid the frictional heat at the surgical site. The bone defects of 4 circular holes were standardised 
using an 6-mm diameter trephine drill. The wound was closed in layers and disinfected again. The B-type heal mouth 
rehabilitation membrane (ZH-Bio, Yantai, Shandong, China) was placed over the defect at least 2 mm and under the 
periosteum. After the operation, the rabbits were injected with 4×105 U penicillin intramusculally for 3 consecutive days 
after operation. The stitches were removed 1 week after operation.

The animals in each group were euthanized by air embolization at 4, 8 and 12 weeks after operation. The cranial 
parietal bone was trimmed 2 mm away from the defect area to observe the healing of bone defects and fixed with 4% (w/ 
v) paraformaldehyde for 24 h at room temperature.

Micro-CT Scanning Evaluation
The samples were scanned using Micro-CT scanner (Bruker sky scan 1276). The scanning parameters were 85 kV, 
200 μA and resolution was 8 μm. All samples were observed and compared in the same mode. After 3D reconstruction of 
the bone defect image, CT Analyser (1.17.7.2) software was used to evaluate Bone Volume (BV), Tissue Volume (TV) 
and Bone volume percentage (BV/TV) in the area with the largest defect diameter. BV/TV of each group (n = 4, total 16) 
was statistically analyzed and compared among the groups. The same measurement index was analyzed three times, and 
the average value was taken as the final statistical result.

Histological Observations
Following micro-CT scanning, the examples were decalcified in decalcification solution for 2 months and then paraffin- 
embedded. Subsequently, serial paraffin sections of 5 micrometers in thickness were obtained from the central area of the 
skull defect using the Leica RM2235 microtome (Leica, Hamburg, Germany). These sections were then stained with 
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hematoxylin and eosin (H&E) and Masson’s trichrome according to the manufacturer’s instructions. The stained tissue 
sections were examined under a Ti-S optical microscope (Nikon, Japan) for detailed analysis.

Statistical Analyses
SPSS Statistic (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data were expressed as mean ± standard 
deviation (SD). All experimental data were analysed by one-way ANOVA and Bonferroni-t test. The P value less than 
0.05 was considered a significant difference in results.

Results
Characterization of CTS/miR-34c-5p Nanoparticles
CTS scaffolds were produced by ionic gelation between positively charged CS and negatively charged STPP. As shown in 
Figure 1A, CS solution is clear and transparent. After adding STPP and SA, it became translucent. After freeze-drying, the 

Figure 1 Preparation of CTS scaffolds. (A) CS solution and CTS NPs. (B) CTS scaffolds in absorbent state (left) and freeze-dried state (right). (C) The diameter of CTS 
scaffolds after freeze-drying in the 96-well plates was 6 mm. (D) The height of the CTS scaffolds after freeze-drying in the 96-well plate was 1.5 mm. (E) Freeze-dried CTS 
scaffolds under high temperature and pressure. (F) CTS scaffolds with miR-34c-5p Antagomir added after sterilization.
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scaffold with absorbing water did not collapse or loosen, and slightly expanded (Figure 1B). Meanwhile, the complex with 
equal amount in a 96-well plate can be formed to cylindrical scaffolds with a diameter of 6 mm and a height of 1.5 mm 
(Figure 1C and D). After sterilization at 110°C, the colour of scaffolds changed from white to light yellow (Figure 1E). After 
adding miR-34c-5p Antagomir, the complex showed jelly-like luster (Figure 1F).

The physical and chemical parameters of CTS NPs were shown in Table 1. The dispersion of CTS NPs was 
appropriate. The particle size and Zeta potential were determined by the volume ratio among CS, STPP and SA. With 
the increasing of SA ratio, the particle size of CTS increased from 260.3 nm to 370.9 nm, while the Zeta potential did not 
change significantly. The PDI value of CTS NPs was the smallest when the ratio of CS/STPP/SA reached 1:0.2:0.1. It 
indicated that the NPs prepared with this ratio had the most uniform particle size distribution. At this time, CTS NPs have 
the suitable particle size (360.1 nm) and potential (6.72 mV), and this ratio will be selected for the subsequent study.

With the increase of SA concentration, the swelling rate increased. However, it had no significantly change with the 
increasing of STPP ratio (Figure 2A). The porosity results are shown in Figure 2B. Within the set volume ratio range, the 
porosity tended to raise with the increasing of SA proportion. When the ratio of CS/STPP/SA reached 1:0.2:0.1, the porosity 
remained stable at about 79.32%.

The surface morphologies of CTS/miR-34c-5p scaffolds were photographed by SEM. The results showed that the 
freeze-dried scaffolds had loose and porous spongy structures. At high magnification, the spaces between the spongy 
structures could be connected (Figure 3A). The sample measured in this study presented an average diameter of 200–300 
nm (Figure 3B). SEM showed that MC3T3-E1 could adhere to the surface of the scaffold, and the cells were polygonal in 
shape and had protrusions (Figure 3C).

The binding capacity of CTS NPs with miR-34c-5p Antagomir was confirmed by the gel retardation assay. As shown 
in Figure 4A, various proportions of CTS NPs had inconsistent loading effects on miR-34c-5p Antagomir. When the ratio 
of CS/STPP/SA reached 1:2:0.05, CTS achieved the best retarding effect. Meanwhile, bare miR-34c-5p Antagomir could 
be partially degraded after incubation at 37°C by 1 mg/mL RNase A for 1 h. When the ratio of CS/STPP/SA reached 

Table 1 Physical Parameters of CTS Scaffolds

CS:STPP:SA Particle size (nm) PDI Zeta potential (mV)

1:0.1:0.02 440.2 0.580 8.89
1:0.2:0.02 260.3 0.474 6.68

1:0.2:0.05 279.1 0.421 7.24

1:0.2:0.1 360.1 0.340 6.72
1:0.2:0.5 370.9 0.380 7.87

Figure 2 Characterization of CTS/miR-34c-5p Nanoparticles. (A) The swelling ratio of CTS NPs with different ratios (*P < 0.05). (B) The porosity of CTS NPs with 
different ratios.
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Figure 3 Physicochemical properties of CTS scaffolds. (A) SEM view of CTS scaffolds (100× magnification for circular SEM illustrations). (B) Particle size distribution. (C) 
SEM view of MC3T3-E1 cells cultured on the scaffold (1.5× magnification for circular SEM illustrations).
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1:0.1:0.02, miR-34c-5p Antagomir were remained in the lane. When the ratio of CS/STPP/SA reaches 1:0.2:0.05, there 
was no miR-34c-5p Antagomir in the loading lane (Figure 4B). The results indicated that miR-34c-5p Antagomir could 
not be degraded by RNase A, which proved that CTS NPs could resist the degradation of RNase A.

Cytotoxicity and Transfection Efficiency of CTS/miR-34c-5p NPs
The cytotoxicity of different substrates was assessed by a live/dead cell staining kit activity in the culture media after 
24 hours of transfection. As shown in Figure 5, after 1, 3 and 5 days of co-culture, the vast majority of cells remained 
viable. No obvious cytotoxicity were observed between groups (P>0.05). QRT-PCR Starter Kit was employed to evaluate 
the transfection efficacy in cells after transfection for 24 hours and 14 days (Figure S1). The results indicated that 
different CTS ratio induced different transfection efficacies. In total, every ratio efficacy increased the transfection 
efficacies over the observation time.

Loading and Release Rates
The loading efficiency of miR-34c-5p Antagomir in CTS scaffolds increased from 45.67% (at a ratio of 1:0.1:0.02) to 
90.13% (at a ratio of 1:0.2:0.05) with the rising proportion of STPP and SA. Further adjustments in the SA ratio showed 
negligible impact on the loading capacity of miR-34c-5p Antagomir (Figure 6).

Regarding the slow-release pattern, initial measurements on Day 1 were followed by assessments every two days until 
30 days. The findings demonstrated the obvious burst releasing of miR-34c-5p Antagomir within the first 10 days, 
accounting for 53.4% of the total content. By Day 22, the cumulative releasing reached 83.92%. And by Day 30, it 
reached 91.41%, which indicated that the scaffolds had the better-sustained release capacity in miRNAs (Figure 7).

Effects of miR-34c-5p on Bone Defect Repair and Healing in vivo
The experimental procedure was shown in Figure 8. A longitudinal incision was made along the midline of the skull, 
about 5 cm long and full-thickness to the calvaria (Figure 8A). The bone defects were standardised using an 6-mm 
diameter trephine drill to outline the treatment area in each of the four quadrants in all animals (Figure 8B–G). The 
groups were transplanted into the defect area of the rabbit calvarial bone and placed clockwise from the lower right hole 
at the head of the animal: (i) sham operation group (Blank), (ii) The empty Vector group (Vector), (iii) CTS/miR-34c-5p 
Agomir group, (iv) CTS/miR-34c-5p Antagomir group.

Figure 4 Gel Retardation Analysis. (A) Gel electrophoresis of different CTS ratios loaded with miR-34c-5p Antagomir. (B) Gel electrophoresis of NPs loaded with miR-34c- 
5p Antagomir underwent incubation with RNase A.
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Figure 5 The activity of MC3T3-E1 cells was detected by double fluorescence staining. (A) Representative images of MC3T3-E1 stained by Calcein-AM/PI in the Control 
group (bar = 200 μm). (B) Representative images of MC3T3-E1 stained by Calcein-AM/PI in the CTS NPs group (bar = 200 μm). (C) Statistical analysis of MC3T3-E1 survival 
rate by Calcein-AM/PI staining.

Figure 6 The loading ratio of CTS scaffolds on miR-34c-5p Antagomir (*P < 0.05; **P < 0.01).
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Rabbits were killed at 4, 8 and 12 weeks, respectively. No epidural hematoma or effusion was observed. General 
observation showed four defect areas of cranial parietal bone were all depressed and covered with fibrous connective 
tissue (Figure 9). The samples from each group had different degree of new bone formation.

After scanning, the three-dimensional (3D) images were reconstructed using CT vox 3D reconstruction software 
(3.3.0) (Figure 10A). The defect area of cranial parietal bone was selected as the Region of interest (ROI) (Figure 10B). 
After VT vox 3D reconstruction, all groups showed different degree of bone repair. As time going, the bone defect 
gradually diminished and the amount of new bone production gradually increased. As shown in the micro-CT results, 
notable new bone formation was observed within the 6-mm defect area in the Antagomir group at both 4, 8 and 12 weeks 
post-surgery (P < 0.05). Quantitative statistics were carried out to calculate the newly formed bone (NFB) of each group 
(Figure 11). Significant differences were observed in Antagomir group versus control and Agomir group at both 4, 8 and 
12 weeks (P < 0.05).

Bone healing was also evaluated in the H&E and Masson’s trichrome staining sections. Through the Masson staining, 
we observed the larger area of NFB which contained more fibrous connective tissue and neovascularization (Figure 12) 
in the Antagomir versus Agomir groups. The results showed that miR-34c-5p Antagomir does affect bone defect repair 
in vivo.

Discussion
MiRNAs play a pivotal role in bone remodeling processes. MiRNAs-based non-cellular therapy is an emerging strategy 
that can avoid potential side effects of traditional cell therapy, including immune rejection and biological incompatibility, 
as well as following high expense.24 To address the challenges faced in efficiently delivering miRNAs, it is imperative to 
identify an appropriate scaffold capable of carrying miRNAs specifically targeted to bone tissue. This scaffold would 
serve as a vehicle for the miRNAs, ensuring precise delivery and enhancing therapeutic efficacy in bone remodeling 
applications.

Based on these, in this study, we designed CS/STPP/SA scaffolds loaded with miR-34c-5p and applied to the rabbit 
cranio-parietal defect model to evaluate its osteogenic effect. We conducted a comprehensive characterization of the 
nanoparticles, including measurements of particle size, morphology, and Zeta potential distribution. Cytotoxicity, loading 
efficiency, and release rates were also evaluated to provide a reference for subsequent in vivo experiments, thus 
demonstrating the feasibility of these scaffolds for cell-free therapy applications. Among these measurements, the 
assessment of Zeta potential was particularly crucial for determining the surface charge properties of the particles. Our 
results revealed that the particle size increased significantly with a higher ratio of SA. The Zeta potential ranged between 
+6 mV and +8 mV, primarily due to the presence of free amino groups on the surface of CS. These positive charges 
facilitated interactions with negatively charged cell membranes, enhancing the potential for effective delivery and 
cellular internalization of the miR-34c-5p loaded scaffolds.25

Figure 7 Assessment of Release Performance.
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SEM imaging revealed the porous and interconnected structure within the CS/STPP/SA scaffolds, which is crucial for 
cell infiltration and angiogenesis.26 Interconnectivity and porosity are well-recognized factors that contribute to the 
effectiveness of scaffolds in tissue engineering applications. Polymeric scaffolds have been shown to enhance the 
mechanical properties of cartilage matrix and improve its osteogenic differentiation potential.27,28 Our findings further 
suggested that higher ratios of SA in the scaffolds could improve porosity, creating a more conducive environment for 
cell proliferation. This is the significant observation as porosity serves as a key performance index for composite 
materials in tissue engineering.29 Additionally, gel retardation analysis confirmed that the miRNAs remained within the 
agarose gel pores, demonstrating the binding capacity of miR-34c-5p to the CTS scaffolds. This binding capacity is 

Figure 8 Experimental animal surgery procedure. (A) Exposed surgical area. (B) Diameter of trephine drill. (C) Surgical localization. (D) Diameter of bone defect. (E) 
Depth of bone defect. (F) Implant contents in each group. (G) Cover B-type heal mouth rehabilitation membrane.
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essential for the effective delivery and retention of miRNAs at the target site, enhancing their therapeutic potential in 
bone remodeling applications. Overall, these results support the feasibility and effectiveness of the designed CS/STPP/ 
SA scaffolds loaded with miR-34c-5p for cell-free therapy applications.

We also co-cultured MC3T3-E1 cells with the CTS scaffolds to assess the biocompatibility of the complex. It was observed 
in our study, as well as other studies, that CTS scaffolds had negligible cytotoxicity to MC3T3-E1 cells.30 It was well 
established that the toxicity of nanomaterials can arise from their nano-size effect, which increased their chemical reactivity 
due to larger specific surface area.31 This reactivity can lead to the rapid generation of reactive oxygen species and free 
radicals, potentially inducing oxidative stress, inflammatory responses, protein denaturation, and DNA damage.32 Therefore, 
it is crucial to strike a balance between achieving the desired nano-size for effective delivery and minimizing potential toxicity. 
Our scaffold has been well-characterised in vitro in terms of its physical properties, microstructure and cyto-compatibility.

Furthermore, we successfully established four 6 mm full-layer cranial parietal bone defects in each New Zealand 
rabbit, with the repair duration of 4, 8 and 12 weeks. No adverse reactions were observed post-implantation. The tissue 
sections revealed varying degrees of new bone formation in each group after 4, 8 and 12 weeks of post-surgery. 
Histochemical staining was employed to visualize collagen fibers, cytoplasm, keratin and erythrocytes, indicating 
superior osteogenesis effect of Antagomir over the Vector group at different time points. These outcomes suggested 
that miR-34c-5p-loaded scaffolds are able to regulate bone repairs in defect areas.

The observations at different time points provide valuable insights into the degradation and osteogenic properties of the 
scaffolds. The micro-CT and histological analyses revealed findings regarding the healing process in the different groups. At 
4 weeks, the scaffolds remained intact and provided channels for osteoblast colonization, which is crucial for the initiation of 
bone regeneration. By 8 and 12 weeks, varying degrees of scaffold degradation were observed, coinciding with new bone 
tissue and marrow space formation. Specifically, the Agomir group showed slower healing process compared to the Vector 
group, while the Antagomir group exhibited relatively accelerated bone healing, particularly by 12 weeks. These results 
suggest that the miR-34c-5p loaded scaffolds have the regulatory effect on bone healing, with the Antagomir group 
demonstrating a more favorable outcome. However, it is important to note that there was no significant difference in bone 
repair between the Blank group and the Vector group. This suggests that the scaffolds do not have an additional impact on bone 
defect repair.

Figure 9 Specimen observation.
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Masson staining shows an intuitive representation of the collagen content and organization within the bone tissue.33 

During the transition from new to mature bone, osteoblasts secrete type I collagen, which is stained blue by Masson 
staining. This blue staining indicates the presence of newly formed bone tissue and collagen fibers.34 As the bone tissue 
matures, the collagen fibers undergo a gradual transformation into type II collagen, imparting the red hue to mature 
bone.35

Figure 10 Software analysis interface. (A) CT vox 3D reconstruction. (B) CT Analyser for bone Bone Volume percentage analysis.
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Figure 11 Regulation of miR-34c-5p on bone defect healing in vivo. (A) Micro-CT images of full-layer cranial parietal bone regeneration in New Zealand white rabbits at 4, 
8, and 12 weeks after surgery. The red dashed circles represent the boundary of the bone defect. (B-D) The relative bone volume fraction of New forming bone (NFB) was 
quantitatively analyzed (*P < 0.05; **P < 0.01; ***P < 0.001). (E) Schematic diagram of group preparation.
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Figure 12 HE and Masson staining on rabbit cranio-parietal defect repair at 4, 8 and 12 weeks after surgery. The yellow dashed lines represent the boundary of the bone 
defect (NFB: New forming bone, bar = 50 μm).
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An irregular extension was observed toward the central defect area of new bone in the Blank group, consistent with 
Xu et al's findings on guided bone regeneration technology.36 Conversely, the Antagomir group exhibited abundant new 
bone generation at both central and marginal defect locations. New bone initially appears at the border area of defect, 
undergoing calcification gradually. The research by Yu Wei et al provides a plausible explanation for the slow bone 
formation observed in the central defect area. Specifically, they suggested that poor blood flow and less regenerative 
vascularization in the central defect area may limit the formation of new collagen fibers, cells, and bone trabeculae.37

To our knowledge, this study is the first to emphasize the significant impact of miR-34c-5p on bone formation in 
rabbit cranio-parietal defects. MiRNAs, as small RNA molecules that regulate gene expression in vivo, hold extensive 
utility in identifying gene functions and diagnosing diseases.38 However, RNA therapy has consistently faced challenges, 
such as RNA degradation and the inability to sustain effective working concentrations within cells.39 Our findings 
indicate that scaffolds loaded with miRNAs can effectively influence bone remodeling, thereby offering a potential 
solution for applications in bone tissue engineering.40

Nevertheless, there still exists some limitations in our study. First, the bone repair processes observed in our 
experimental animals differ significantly from those in humans. Therefore, subsequent research, including experiments 
on the pharmacokinetics and mechanisms of miRNAs, is imperative to validate the feasibility and efficacy of scaffolds 
loaded with miRNAs, ultimately paving the way for their clinical application. Second, while our findings highlight the 
crucial role of miR-34c-5p in regulating bone repair, there are still other vital mechanisms involved in the bone 
remodeling process that require further investigation. Given their widespread presence as endogenous non-coding 
RNA in the human body, miRNAs will undoubtedly play a pivotal role in disease diagnosis and treatment in the future.

Conclusion
In this study, we have developed CTS scaffolds as the nonviral carrier for miRNA delivery. The scaffolds were not only 
loaded with miRNAs but also avoid miRNAs from degradation by RNase. The assay results demonstrated the CTS 
scaffolds did not show any significant cytotoxicity on MC3T3-E1. Moreover, in vivo experiments miR-34c-5p could 
regulate the osteogenic process of cranial parietal defects in rabbits. These findings might thus provide the novel strategy 
that chitosan-based scaffolds may be an effective non-viral vector for the related treatment of bone defects. It will also 
provide an innovative solution for bone defects in future clinical applications.
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