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Abstract 

Background/Objectives: In clinical surgery, bone regeneration has proven to be a significant 
challenge. Autografts, allografts and xenografts can be used in bone tissue regeneration, but these 
approaches are linked with the following disadvantages: limited availability, increased surgical time, 
increased costs. In the case of autograft, morbidity of the donor site and a lower probability of success 
are also noteworthy, and in the case of allografts the probability of disease transmission and the 
probability of immunological reaction should be considered. Due to these disadvantages, better 
solutions have been sought to achieve the regeneration of deficient bone tissue. Thus, for a 
biomaterial to be suitable for bone regeneration, it must have certain properties, namely: 
biocompatibility, osteoinduction, osteoconduction and mechanical strength. The aim of this study 
was to evaluate the benefits of a novel nanostructured chitosan membrane loaded with vitamin D, in 
bone tissue regeneration therapy. The membrane was applied in an osteoporotic bone defect model, 
to simulate a post-extraction alveolus. Materials and Methods: We conducted an in vivo study on 30 
female Wistar rats, to whom we induced osteoporosis. A bone defect was created artificially by 
milling. The 30 female rats were divided into three groups, depending on the material used in filling 
the defect: control group I was treated with no filler for the bone defect, group II was treated with 
vitamin D loaded on a hemostatic sponge, and group III was treated with vitamin D loaded on a 
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novel nanostructured membrane. The bone regeneration obtained in the three study groups was 
assessed by descriptive histological analysis and histological scoring. Results: The results show that 
the Vitamin D-loaded chitosan nanostructured membranes have positive effects in bone tissue 
regeneration, with better efficiency than other studied therapeutic strategies. Conclusions: Our study 
indicates that Vitamin D-loaded chitosan nanostructured membrane might be a promising 
therapeutic option for bone regeneration. 

Keywords: bone regeneration; osteoporosis; nanostructured membrane; vitamin D 
 

1. Introduction 

Bone loss of the maxilla and mandible can occur because of trauma, extractions, surgery or 
congenital malformations. Bone deficiency may cause issues and complications in oral restorative or 
rehabilitation therapies. After a tooth is extracted, a rapid bone remodeling process occurs, leading 
to 40-60% shrinkage in width and height of the alveolar ridge [1]. Although most bone loss is expected 
in the first three months post-extraction, bone loss may continue for 2-3 years post-extraction [2,3]. 
This could endanger prosthodontic therapy and lower the edentulous site's restorability, due to the 
functional and esthetic deficiencies derived from volumetric bone loss [1]. Considering the growing 
availability of dental implants and the interest for implant therapy, bone preservation and 
regeneration techniques are becoming increasingly impactful in restorative dentistry [4]. Bone 
regeneration is a complex process that implies the migration and proliferation of particular cells to 
the healing area in order to provide the biological substrate for the growth of new tissue [5]. To obtain 
an adequate volume of alveolar osseous tissue and high-quality regenerated bone, a variety of bone 
grafting materials are employed. Grafts including autogenous, allogenous, and xenogenous bone or 
alloplastic substances are used in reconstructive oral surgery [6]. Autogenous bone remains the gold 
standard for bone regeneration due to their osteogenic potential, osteoinductivity and 
osteoconductivity [7]. Osteoconductivity is the characteristic of xenogenous bone grafts [6]. 
Allogenous bone is a material obtained from different individuals of the same species, it has 
osteoinductive potential thanks to residual growth factors, but it has no osteogenic potential due to 
sterilization and deproteinizing methods. Besides bone volume, bone quality is a very important 
vector for bone regeneration. Bone quality is defined by the National Institute of Health (NIH) as “the 
sum of all characteristics of bone that influence the bone’s resistance to fracture” [8], being an 
umbrella term which encompasses bone architecture, bone turnover, bone mineralization, and micro-
damage accumulation [9]. Decreased bone quality is linked to osteoporosis, vitamin D deficiency and 
other conditions [1]. 

Osteoporosis is a global condition that causes bone fragility by reducing bone mass and strength. 
Currently, the quantitative study of bone mineral density (BMD) by dual-energy X-ray 
absorptiometry (DXA) provides the basis for both osteoporosis diagnosis and fracture risk 
assessment. When DXA, BMD measurements are insufficient to diagnose osteoporosis, indicators 
such as bone turnover biomarkers can be helpful in providing an early assessment of the osteoporosis 
[5]. According to reports, bone turnover biomarkers (BTMs) can identify high-risk individuals who 
may develop osteoporosis and track bone recovery following treatment [6]. Complications of 
osteoporosis include compromised bone strength, fractures, accelerated bone loss and compromised 
microarchitecture [10,11]. While osteoporosis is not a firm contraindication for dental implants and 
bone regeneration oral surgery, caution and proper planning are advised, in part due to difficulty in 
osseointegration and the possibility of increased bone loss and implant failure [12,13]. However, there 
is high-quality evidence suggesting that nutritional factors such as Vit.D and calcium have a 
significant positive effect in preventing osteoporosis complications [11]. 

Strongly linked with the outcome of bone regeneration, Vitamin D (Vit.D) is a steroid hormone 
produced by the skin when enough sun exposure occurs and which is then transformed into its active 
form in the liver and kidneys. Additional sources of Vit.D include foods like oily fish, liver (beef), 
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eggs, milk, cheese, soy, and mushrooms. It promotes intestinal absorption of calcium and phosphate, 
which is important for maintaining mineral homeostasis. Furthermore, it intervenes in the regulation 
of bone metabolism and bone mineralization by activating osteoclasts and osteoblasts [14]. Decreased 
levels of Vit.D are associated with accelerated bone turnover, reduction in bone density, and 
increased risk of bone fractures [15]. A biologically active form of Vit.D, calcitriol (1,25(OH)2D3), is 
responsible for calcium-phosphate homeostasis and is essential to the mineralization of cartilage and 
bone matrix. Furthermore, it regulates osteoblast genes expression. Additionally, calcitriol regulates 
the adaptive immune response, suppressing T-lymphocytes proliferation and immunoglobulin 
secretion, thus promoting an environment which favors inflammation resolution [17]. This suggests 
that adequate levels of Vit.D could positively influence the integration of bone grafts, bone 
regeneration and mineralization. A recent umbrella review concluded that while further clinical 
studies are necessary to establish a firm conclusion, vitamin D may have a positive effect and play an 
important role in the osseointegration and survival of dental implants, while also reducing bone loss 
[17]. 

Although Vit.D has known systemic health benefits and proven positive effects on osteogenesis, 
its lipidic nature limits administration to oral or intramuscular injection routes. Furthermore, the half-
life of Vit. D bioactive metabolites in systemic circulation are relatively short (a few hours), and local 
bioavailability may be a concern due to metabolic conversion of active forms [18,19]. Therefore, bone 
regeneration using Vit.D as an active substance might benefit from a controlled local release system, 
which could ensure constant bioactive concentrations of Vit.D locally available, in order to ensure 
optimal results. Recent studies have explored the possibilities of local delivery systems, using in vitro 
and animal models. Vitamin D-conjugated gold nano-particles and scaffolds based on polylactic-co-
glycolic acid (PLGA) with added Vit.D were demonstrated to increase osteogenic differentiation in 
vitro [20,21]. Palmitic acid (PA)-based sterosomes loaded with Vit.D-3 have been used as an 
osteoinductive drug delivery system in mouse calvarial defects, significantly improving osteogenesis 
[18]. Calcitriol-loaded polylactic acid (PLA) microspheres were successfully used to attenuate 
periodontal inflammation and decrease bone loss in diabetic rats with ligature-induced periodontitis 
[22]. A Vit.D and curcumin-loaded polycaprolactone (PCL) nanofibrous membrane was used in rats 
with calvarial bone defects and has been demonstrated to increase osteosynthesis [23]. Membranes 
loaded with Vit.D have been used to treat maxillary bone defects in rats successfully [24]. 

Current bone regeneration techniques in dentistry use advanced technologies, such as 
nanobioengineering. Nanobioengineering is a developing field that can combine biological and 
engineering principles to regenerate damaged or lost bone tissue. This innovative field uses 
biomaterials with nanoscale features, stem cells, and growth factors to obtain three-dimensional 
scaffolds, to stimulate and improve bone tissue regeneration [25]. For example, biomaterials used in 
bone tissue engineering can be of natural or synthetic origin, and can be applied in direct contact with 
living tissues, without causing any adverse immune reaction [26]. Nanostructured materials usually 
contain an active substance, which can be incorporated in various ways: encapsulated in their 
substructure in the form of hybrid core-shell nanoparticles, incorporated in nano-scale porosities, or 
chemically linked to the material’s structure. Generally, the release of active substances occurs 
gradually and simultaneously with the degradation of the nanostructure in which they were loaded, 
a degradation rate that depends on several factors including: the composition of the material, the 
morphological features of the nanostructure and the tissue in which they are applied [26]. 
Nanostructured membranes (NMs) are a type of nanomaterial widely used in regenerative therapy. 
They can be obtained from natural biomaterials (chitosan (CS)), and synthetic materials – e.g. 
polymers (polylactic acid (PLA), poly(lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL) [27]. 
Chitosan is a natural amino polysaccharide derived from chitin, that demonstrates exceptional 
biocompatibility, swelling ability and biodegradability. Chitosan-based membranes are similar to the 
backbone of glycosaminoglycan in their chemical structure, making them porous microstructures 
that allow stem cells to migrate, attach, and multiply. Therefore, bioactive substances including ions, 
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medications, proteins, or growth factors (GFs) are added to chitosan membranes to improve their 
ability to promote bone regeneration [28,29]. 

Therefore, we questioned whether Vit.D supplementation, delivered locally, could improve and 
aid bone regeneration in an osteoporotic bone defect model, thereby improving predictability for 
osseointegration and bone regrowth, thus aiding regenerative dentistry techniques. In light of the 
aforementioned, the aim of the present study was to assess the bone regeneration potential of a new 
chitosan nanostructured membrane loaded with vitamin D, in an osteoporotic animal model. The 
animal model chosen for this study was the Wistar rats because it is the ideal option for preclinical 
experiments. Accessibility, morpho-physiological correspondence with the human race, and the 
possibility of obtaining relevant data in a short time make this model the most used species for 
experiments. This article was prepared in accordance with the ARRIVE guidelines provided in the 
Supplementary Material. 

2. Materials and Methods 

2.1. Animals 

The study received the Ethics Commission approval of Iuliu Hatieganu University of Medicine 
and Pharmacy Cluj-Napoca (no. AVZ36/31.03.2023), as well as the Sanitary Veterinary and Food 
Safety Agency approval (no. 361/28.04.2023). The experiment was performed at the Centre for 
Experimental Medicine and Practical Skills (UMF Biobase) Cluj-Napoca, in accordance with 
institutional, national, and European guidelines (Directive 2010/63/EU). 

The animal model selected for this study was the Wistar rat, due to its widespread use in in vivo 
studies and suitability for preclinical research. Its accessibility, the morphological and physiological 
similarities to the human species, and the ability to obtain reliable and relevant data within a 
relatively short timeframe make it one of the most frequently employed models in experimental 
biomedical studies. We used osteoporotic rats to simulate reduced osseous regenerative capacity. The 
experimental treatment is not estimated to be harmful to animals. The estimated required sample size 
was approximately 8–10 animals per group. To account for potential dropout or experimental 
variability, slightly larger group sizes were used, resulting in a total of 30 animals. Each animal had 
2 sites of bone regeneration created (2 bone defects), hence doubling the number of assessed sites. 
This approach ensured adequate statistical power, while remaining consistent with ethical guidelines 
for animal research and minimizing animal use following the principles of the 3Rs (Replacement, 
Reduction, and Refinement). 

Subjects were included in the study base on the following criteria: 8–12 weeks old and weighing 
200 ± 50 mg, born and raised at the same animal facility, without any genetic modification. The 
animals came from the Centre for Experimental Medicine and Practical Skills (UMF Biobase) Cluj-
Napoca (authorization nr. 937/23.03.2022). The animals were kept at a temperature of 210 C and lived 
through a 12-hours/12-hours dark/light cycle. Standard pellet-food and water ad libitum was 
provided. The animals were monitored 24 hours a day. 

2.2. The Method of Obtaining the Chitosan-Based NM 

Nanostructured membranes of chitosan were fabricated by dissolving medium molecular 
weight chitosan (Sigma Aldrich) in 10% CH3-COOH at a final concentration of 20 mg/ml. A drop of 
chitosan solution was cast on a clean nanopatterned surface of a polydimethylsiloxane (PDMS) 
printed mold, and let to dry at 400 C overnight. After 24 h, the newly formed nanostructured thin 
membranes were carefully detached from the PDMS mold and UV-sterilized before the in vivo 
testing. The membranes were sputter-coated with 7 nm Pt/Pd in Agar Automated SputterCoater and 
examined by Scanning Electron Microscopy using a Hitachi SU9320 CFEG STEM. 
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2.3. In Vivo Experimental Design and Surgical Procedures 

The rats were housed for acclimatization for about 1 week and then randomly assigned into the 
three study groups: Group I (control - 10 subjects), Group II (CS (collagen sponge)/Vit.D - 10 subjects), 
Group III (NM (nanostructured membrane) /Vit.D - 10 subjects). 

The protocol of this study comprised three stages: Stage 1 - ovariectomy of all rats for the 
purpose of inducing osteoporosis; Stage 2 - creating bone defects in the jawbone and applying 
treatment according to study group; Stage 3 - euthanasia of rats, at one month or two months, and 
collection of tissue samples for histological examination (Figure 1). 

 

Figure 1. Distribution of study subjects (Wistar rats) in the study. 

2.3.1. Ovariectomy (OVX) Procedure 

After all the subjects were declared clinically healthy by a veterinary doctor, ovariectomy was 
performed for all subjects, in order to induce osteoporosis. General anesthesia was induced via 
intraperitoneal injection of ketamine (0.1 mg/kg, Ketamine 10% solution; Kepro B.V., Holland) in 
combination with xylazine (0.5 mg/kg, 2% solution; Xylazin Bio, Bioveta, Ivanovice na Hané, Czech 
Republic). The depth of anesthesia was carefully monitored throughout the procedure using multiple 
parameters, including the absence of the palpebral and pedal withdrawal reflexes, reduction in 
muscle tone, and evaluation of respiratory rate and depth. These indicators were assessed at 
standardized intervals to ensure adequate anesthesia and to prevent intraoperative pain perception 
or movement. 

After anesthesia was induced, the animals were prepared for surgery by shaving the abdominal 
area and disinfecting the skin with betadine solution. To avoid making two lateral incisions, a midline 
surgical approach was chosen. The animals were placed in dorsal recumbency and properly 
restrained.An incision of approximately 2 cm was made along the midline (linea alba), allowing 
access to the abdominal cavity. The uterine horns were identified and exteriorized, followed by 
exposure of the ovaries. To reduce intraoperative bleeding and shorten the duration of anesthesia 
exposure, ovariectomy was performed using an electrocautery device. At the end of the procedure, 
all anatomical layers were sutured in separate planes. 

Postoperatively, the subjects received analgesic treatment. Postoperative analgesia was achieved 
by administering meloxicam at a maximum dose of 0.37 mg/kg once daily, for three consecutive days. 
Antibiotic prophylaxis was implemented using enrofloxacin 5% at a maximum dose of 1 
mg/animal/day, administered for five days postoperatively, in order to prevent systemic infections 

after 12 weeks
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months

Gr. II: bone 
defect and 
CS/Vit. D
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and ensure optimal recovery. The animals were monitored 24 hours a day. On the first day after the 
intervention, hourly controls were conducted. 

2.3.2. Blood Samples 

Blood samples from the retro-orbital artery were collected, to determine plasma levels of bone 
turnover biomarkers. The bone formation marker- osteocalcin (OC) was determined using Rat 
Osteocalcin ELISA Kit, FineTest (Wuhan Fine Biotech Co., Ltd.) and bone resorption markers- β-
crosslaps (β-CTX) were determined using the Rat β-CTX ELISA Kit FineTest (Wuhan Fine Biotech 
Co., Ltd.). The blood samples were collected in two points: before ovariectomy (T0) and 12 weeks 
after ovariectomy (T1). The samples were incubated according to the manufacturer’s instructions. 
The absorbance measurements were subsequently performed using an 800 TS ELISA microplate 
reader (Agilent Technologies Inc., Santa Clara, CA, USA), and plate washing was conducted with a 
Biotek Microplate 50 TS washer (Agilent Technologies Inc., Santa Clara, CA, USA). 

2.3.3. Bone Defect Preparation and Treatment Application 

To simulate a post-extraction alveolus, we created bone defects located on the mesial side of the 
maxillary first molar, bilaterally. The bone defects were performed 12 weeks after ovariectomy, once 
a positive osteoporosis diagnosis was established by the aforementioned bone turnover biomarkers. 

Following general anesthesia (using the same protocol previously described for the 
ovariectomy), the rats were weighed and placed on the operation table in a horizontal supine 
position. This position facilitated access to the area of interest. After crestal incision and full-thickness 
flap elevation, the bone defect (1 × 1 × 1 mm3 L W D) was made using sterile dedicated dental round 
drills, under continuous cooling with sterile saline. Surgery was performed using magnification 
loupes (2.5× magnification) with an incorporated light source, as well as under surgical lights. 
Treatment was applied in accordance to the study groups. For group I (control group) the bone defect 
was covered with the previously created flap, without the application of any drug substance. For 
group II a collagen sponge soaked with Vit. D was applied in the bone defect and then covered with 
the flap and sutured. For group III the novel nanostructured chitosan membrane loaded with Vit. D 
was applied in the bone defect. A commercial membrane (Bio-gide 25x25 Mm Geistlich) was applied 
on top of the defect, this having the role of a barrier. Afterwards, we covered the membrane with a 
vestibular flap. The flaps were closed using resorbable sutures (LUXCRYL 910 6/0, LUXSUTURES, 
Luxemburg) (Figure 2). 

a. b. c.  

Figure 2. (a) bone defect; (b) membrane placement;(c) the defect closed by suturing the flap. 

After surgery, analgesia was introduced in the subjects’ drinking water supply. Throughout the 
duration of the study, the animals were constantly observed, to ensure optimal analgesic 
management and infection prevention. 
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Euthanasia of the subjects was conducted by anesthetic overdose (ketamine: 150-200 mg/kg, 
xylazine 10-15 mg/kg). Half of the subjects of each group were sacrificed at one month after bone 
defect treatment, and the second half at two months after bone defect treatment. 

2.4. Histological Analysis 

Rats were euthanized at 1- and 2-months post-bone defect surgery. Symmetrical 2x2x2 cm 
sections of the left and right maxilla were harvested. These were initially preserved in 10% formalin 
for 48 hours, followed by immersion in Osteodec—a bisodium EDTA acid-buffered decalcifying 
agent—for 72 hours to facilitate calcium chelation. Once macroscopically identifying the stigma, one 
targeted section was obtained from each sample, and afterwards processed using standard 
histological techniques. Each section was cut into 4-micrometer-thick slices, mounted on slides, and 
stained with hematoxylin and eosin. The slides were examined by a general pathologist using a Leica 
DM750 digital microscopy system (Leica Biosystems, IL, United States) with an integrated ICC50 
digital camera and LAS EZ software. The pathologist was unaware of the subjects’ group assignments 
at the time of microscopic evaluation, since the slides were labeled using non-sequential numbers.  

The microscopic analysis aimed to characterize the bone defect in each study group. For 
objective assessment, the original size of the bone defect was measured microscopically for each 
specimen. Using the optical microscope, the maximum length and width (in mm) of the defect were 
recorded, and the defect surface area was calculated (length × width). These morphometric 
measurements provided quantitative baseline data on the initial defect, facilitating a more rigorous 
comparison between groups. Afterwards, several parameters were meticulously evaluated using an 
adaptation of two previously published histological scoring systems [30,31]. The evaluation criteria 
and corresponding scoring intervals are presented in Table 1. To enhance data consistency, 
histological scores from the left and right samples of the same subject were combined. 

Table 1. Histopathological assessment and scoring of samples, with emphasis on the bone defect area and 
alterations induced by the synthetic graft. 

No. 
      
Parameter 
 

Score Microscopic aspect 

1. Osteoporosis 0 Not discernable 
1 Subtle 
2 Evident 

2. Bone formation at the surface of the 
graft 

0 Absent 
1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
3. Bone formation in the graft area 0 Absent 

1 Present in the surface of the graft area 
2 Present in the center of the graft area 

4. Bone bridge 0 Absent 
1 Thin 
2 Thick 

5. Bone trabeculae 0 Absent 
1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
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6. Immature bone 0 Present at the periphery and in the 
center 

1 Present in the center 
2 Present at the periphery 
3 Absent 

7. Mature bone 0 Absent 
1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
8. Osteoblasts 0 Absent 

1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
9. Osteocytes 0 Absent 

1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
10. Osteoclasts 0 Absent 

1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
11. Havers canals 0 Absent 

1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
12. Inflammation 0 Present, abundant 

1 Present, scant 
2 Absent 

13. Vascularization 0 Absent 
1 Present in the surface of the graft area 
2 Present in the center of the graft area 

14. Granulation tissue 0 Present 
1 Absent 

15. Graft 0 Detected 
1 Not detected 
na Not applicable 

16. Osteoclastic degradation of the graft  0 Absent 
1 Present at the periphery 
2 Present in the center 
3 Present at the periphery and in the 

center 
na Not applicable 

17. Replacement of graft by mature bone 0 Absent 
1 Present at the periphery 
2 Present in the center 
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3 Present at the periphery and in the 
center 

na Not applicable 

2.5. Statistical Analysis 

Results were stored in a Microsoft Excel database. All data were analyzed using Social Science 
Statistics software (https://www.socscistatistics.com/tests/). Data set normality was tested with 
Shapiro-Wilk test with the significance level α=0.05. The mass is normally distributed as follows: 
initial mass p=0.78> α, the mass before bone defect produced (12 weeks after ovariectomy) p=0.964> 
α, at the time of sacrifice: group 3 p=0.329> α, group 2 p=0.656> α, group 1 p=0.285> α. T-test for two 
independent means was used to compare the mean mass between groups, and t- test for two 
dependent means was used to compare the mean mass in the same group in evolution. Also, Mann-
Whitney U Test was used for non-normal data sets such as histological parameters. 
(www.statskingdom.com/shapiro-wilk-test-calculator.html. The morphometric data regarding the 
size of the bone defect were analyzed using one-way ANOVA to assess statistical differences in defect 
size across groups. Statistical significance was set at p<0.05. 

3. Results 

3.1. Animals 

Two animals from the control group died due to anesthesia complications. Statistically 
significant weight gain was registered in all animals after ovariectomy (t=16.22887, p<.00001). 

3.2. Characterization of Nanostructured Membranes 

Nanostructured membranes were fabricated using chitosan biopolymer as a template material. 
Among the class of natural polymers, chitosan, a glucosamine polymer obtained by the deacetylation 
of chitin, was selected based on its demonstrated osteogenic properties but also due to its 
biocompatibility, biodegradability and renewed antibacterial activity [32–34]. The nanostructured 
membranes were prepared by the method described above. Vitamin D (100 μg/mL in ethanol, Sigma-
Aldrich) was diluted at the desired concentration (300nM solution- Vitamin D in ethanol) and 
dripped on the UV-sterilized polymeric membranes which act as a scaffold for its encapsulation and 
delivery at the place of insertion. 

The fabricated nanostructured membranes were morphologically characterized by Scanning 
Electron Microscopy (SEM). SEM images are presented in Figure 3. A, B, and indicate the formation 
of equally spaced parallel rectangular grooves having a periodicity of 415±11 nm (242±8 nm width 
and 173±14 nm wall) and 200 nm depth. 

 

Figure 3. SEM images of various magnification (A-B) illustrating chitosan nanostructured mem- branes with 
periodic grooves of 242±8 nm width and 200 nm depth (inset Figure 3A). 
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3.3. Blood Samples Results 

Results of serum biomarkers determination show an increase in levels of OC and β-CTX in 
plasma harvested 12 weeks after ovariectomy (T1) compared to plasma levels prior to ovariectomy 
(T0). These results, along with the histological results, confirmed the onset of osteoporosis (Table 2, 
Figure 4). 

Table 2. Levels of bone biomarkers. 

Bone Biomarkers           T0           T1 

Ostecalcin [ng/ml]   2.265 ± 0.85      4.279 ± 1.96 

β-crosslaps [ng/ml] 4609.103 ± 2214.88    9842.555 ± 4766.71 

Table 2: T0- bone biomarkers levels prior to ovariectomy, T1- bone biomarkers levels- 12 weeks after 
ovariectomy. 

A.  

B.  

Figure 4. Graphical representation of the results of the determination of bone biomarkers: A. Osteocalcin (OC), 
B. Beta-Crosslaps (β-CTX). 
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3.4. Histopathological assessment of bone regeneration: 

3.4.1. Grossing 

Bilateral (left and right) maxillary tissue samples were collected from 28 rats, divided across 
three groups: group I - 8 rats, Group II - 10 rats and group III - 10 rats. Due to improper fixation and 
resulting necrosis, 4 samples from group II and 6 samples from group III were excluded from scoring 
and statistical analysis. The statistical analysis was performed on 8 subjects with 16 induced bone 
defects from group I, 8 subjects with 16 bone defect sites from group II and 6 subjects with 12 bone 
defect sites from group III. 

To enhance microscopic detail, the right maxilla was sectioned along the bone defect's 
longitudinal axis, while the left maxilla was sectioned perpendicularly. The bone defect was observed 
in all samples. The hemostatic foam in group II and nanostructure and protective membranes in 
group III were not detected in any sample. 

3.4.2. Microscopic Findings 

Morphometric evaluation of the bone defect dimensions revealed a progressive reduction in 
defect area from group I (control) to group III (NM/Vit.D). The mean surface area of the defect was 
0.34 ± 0.19 mm² in group I, 0.28 ± 0.13 mm² in group II, and 0.21 ± 0.10 mm² in group III. Although a 
trend toward smaller defect sizes was observed in the therapeutic groups, particularly in group III, 
the differences did not reach statistical significance (p = 0.115). 

Pathological scoring followed the aforementioned parameters described in Table 1 (in the 
Materials and Methods chapter). The final scores obtained following the histopathological 
assessment are presented in Table 3. 

Table 3. The final scores of the groups using the healing score (histological parameters). 

Hisological bone healing parameters 
Group frequency (%) 

Gr. I-
1 

Gr. I- 
2 

Gr. II- 
1 

Gr. II- 
2 

Gr. III- 
1 

Gr. III- 
2 

Osteoporosis 
not discernable 0 0 0,67 0,67 0,67 0,67 

subtle 0,5 1 0,33 0,33 0,33 0,33 
evident 0,5 0 0 0 0 0 

Bone formation at the 
surface of the graft 

absent 0 0,17 0,1 0 0 0 
peripheral 0,6 0,83 0,4 0,33 0,33 0,34 

central 0 0 0 0 0 0 
central and 
peripheral 0,4 0 0,5 0,67 0,67 0,67 

Bone formation 
in the depth of the 

graft 

absent 0 0 0 0 0 0 
surface 0 0 0,3 0,33 0,33 0,17 

profound 0 0 0,7 0,67 0,67 0,83 

 
Bone bridge 

absent 0,8 1 0 0,17 0,17 0,17 
thin 0,2 0 0,6 0,33 0,33 0,16 
thick 0 0 0,4 0,5 0,5 0,67 

 
Bone trabeculae 

absent 0 0,17 0 0 0 0 
peripheral 0,8 0,83 0 0,17 0,17 0,33 

central 0 0 0 0 0 0 
central and 
peripheral 0,2 0 1 0,83 0,84 0,67 

 
Immature bone 

absent 0,2 0 0,4 0,5 0,5 0,33 
peripheral 0 0 0 0 0 0 

central 0,8 1 0,5 0,5 0,5 0,5 
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central and 
peripheral 

0 0 0,1 0 0 0,17 

 
Mature bone 

absent 0,3 0,33 0,1 0 0 0 
peripheral 0,4 0,67 0,7 0,5 0,5 0,33 

central 0,1 0 0 0 0 0 
central and 
peripheral 0,2 0 0,2 0,5 0,5 0,67 

 
Osteoblasts 

absent 0 0 0 0 0 0 
peripheral 0,6 1 1 0,2 0,5 0,33 

central 0 0 0 0 0 0 
central and 
peripheral 

0,4 0 0 0,8 0,5 0,67 

 
Osteocytes 

absent 0 0 0 0 0 0 
peripheral 0,6 1 0 0,17 0,17 0,33 

central 0 0 0,1 0 0 0 
central and 
peripheral 

0,4 0 0,9 0,83 0,833 0,67 

 
Osteoclasts 

absent 0,6 0,83 0,9 1 1 0,5 
peripheral 0,4 0,17 0,1 0 0 0,5 

central 0 0 0 0 0 0 
central and 
peripheral 0 0 0 0 0 0 

 
Havers canal 

absent 0,7 1 0 0,33 0,33 0 
peripheral 0,2 0 0,1 0,33 0,33 0,33 

central 0 0 0 0 0 0 
central and 
peripheral 

0,1 0 0,9 0,33 0,33 0,67 

Inflammation 

present, 
abundant 

0,1 0,17 0 0,17 0,17 0 

present, scant 0,5 0,33 0,1 0,33 0,33 0,17 
absent 0,4 0,5 0,9 0,5 0,5 0,83 

 
Vascularization 

absent 0 0 0 0 0 0 
surface of the 

graft 0,4 0,67 0,5 0 0 0 

depth of the 
graft 0,6 0,33 0,5 1 1 1 

Granulation tissue 
absent 0 0,5 0,1 0,33 0,33 0 
present 1 0,5 0,9 0,67 0,67 1 

 
Graft 

detected na na 0 0 0 0 
not detected na na 1 1 1 1 

not applicable na na 0 0 0 0 

 
Osteoclast 

degradation 
of the scaffold 

absent 0 0 0 0 0 0 
peripheral 0 0 0 0 0,5 0,33 

central 0 0 0 0 0 0 
central and 
peripheral 0 0 1 1 0,5 0,667 

 
Scaffold replacement 

with mature bone 

absent na na 0 0 0 0 
peripheral na na 0,7 1 0,5 0,33 

central na na 0 0 0 0 
central and 
peripheral 

na na 0,3 0 0,5 0,67 
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The Histopathology_Summary_Table is provided in the Supplementary Material. 
Thin, disconnected bone trabeculae, indicative of severe osteoporosis, were observed in half of 

the rats in group I (control). Meanwhile, groups II (CS/Vit.D) and III (NM/Vit.D) displayed only mild 
osteoporotic changes. Overall, signs of mild osteoporosis were present in all groups, with severity 
decreasing from group I (control) to group III (NM/Vit.D). 

The following tissue configurations were observed within the area of the bone defect (Figure 5): 
1. a peripheral rim of fibrous connective tissue with a central void (15.15% of samples); 
2. fibrous connective tissue in both peripheral and central areas (21.21% of samples); 
3. a combination of fibrous connective and osseous tissue (48.48% of samples); 
4. osseous tissue alone (15.15% of samples). 

 

 

Figure 5. Descriptive histopathological findings in the area of the bone defect: a. Group I – after 1 month - Lack 
of bone tissue with a rim of dense, fibrous connective tissue and a central void (Hematoxylin and Eosine stain, 
20X); b. Group II – after 1 month - dense fibrous connective tissue, rich in plump, metabolically active 
fibroblasts (Hematoxylin and Eosine stain, 20X); c. Group III - after 1 month- association of dense irregular 
connective tissue and osseous tissue (Hematoxylin and Eosine stain, 20X); d. Group III - after 2 months - 
osseous tissue (Hematoxylin and Eosine stain, 20X). 

When examined by group, osseous tissue alone or with connective tissue was observed in 18.18% 
of group I (control) samples, 75% of group II (CS/Vit.D) samples, and 83.33% of group III (NM/Vit.D) 
samples. Bone formation on the graft surface was significantly superior in groups II (CS/Vit.D) and 
III (NM/Vit.D) compared to group I (control) (p = 0.023). Mature bone was more frequently present 
in both peripheral and central areas in group III (NM/Vit.D), compared to groups I (control) and II 
(CS/Vit.D) (p = 0.016). No significant difference across groups was found in bone formation within 
the center of the defect or in immature bone formation. Both therapeutic groups (II and III) showed 
greater quantity and thickness of bone trabeculae in the graft's peripheral and central areas. 

A bone bridge could not be identified in 83.33% samples from group I (control), while the rest 
of 16.66% exhibited a thin bone bridge. In comparison with group I (control), all subjects in the 
therapeutic groups (II and III) showed thin or thick bone bridges (p = 0.001). No significant difference 
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was found in bone bridge thickness between groups II (CS/Vit.D) and III (NM/Vit.D); however, 
histological scores were higher for group III (NM/Vit.D), with thick bone bridges in 66.66% of cases 
compared to thick bone bridges in 33.33% of cases in group II (CS/Vit.D) (Figure 6). More abundant 
bone trabeculae were encountered in the targeted area in group II (CS/Vit.D) (p=0.01) and group III 
(NM/Vit.D) (p>0.05), compared to bone defects in group I (control). There was no statistically 
significant difference between groups concerning Havers canals. 

 
Figure 6. Representative microscopic images from the area of the bone defect, comparing different aspects of 
bone regeneration: a. Histological aspect one month after executing the bone defect, demonstrating a thin, 
delicate bone bridge with a limited number of thin trabeculae - arrow (Hematoxylin and Eosine stain, 
magnification 20 X) and b Histological aspect 2 months after performing the bone defect, with a thick bone 
bridge, with wider bone trabeculae displaying a rim of osteoblasts- arrow (Hematoxylin and Eosine stain, 20 X). 
In both examples, the space between the bone tissue is occupied by a well-vascularized dense irregular 
connective tissue. 

Regarding bone-forming cells, osteoblasts were more numerous in the graft’s peripheral and 
central areas for group II (CS/Vit.D), in comparison to groups I (control) and III (NM/Vit.D). This was 
constant in both cases, rats sacrificed at one month (p = 0.045) and two months post-intervention (p = 
0.019). Osteocyte scores were also more elevated in group II (CS/Vit.D) at both one (p = 0.025) and 
two months post-intervention (p = 0.012). Osteoclasts were present only in the graft periphery across 
all groups, with no statistically significant differences among groups. 

In group I (control), vascularization was limited to the surface of the bone defect, in half of the 
samples. In contrast, vascularization penetrated the graft’s center in all samples for groups II 
(CS/Vit.D) and III (NM/Vit.D) (Figure 7). Among rats sacrificed one-month post-intervention, 
vascularization occurred more rapidly in group III (NM/Vit.D) than in group II (CS/Vit.D) (p = 0.045). 

 

Figure 7. Group I- after 1 month- dense, fibrous irregular connective tissue fills the bone defect area along an 
abrupt border of the osseous tissue. The dense connective tissue displays a high cellularity, with numerous 
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fibroblasts and a rich, diffuse capillary network, that can be identified throughout the surface of the section, in 
both the periphery and the central part of the graft area. Low amounts of chronic immune cells and erythrocyte 
extravasation are also noted (Hematoxylin and Eosine stain, magnification 20 X). 

Lower inflammation levels were observed in the therapeutic groups (II and III) compared to 
group I (control), in rats sacrificed after one month (p = 0.033) and two months post-intervention (p 
= 0.018). Two unilateral abscesses were noted: one in a single sample from group II (CS/Vit.D) and 
the other in a single sample from group III (NM/Vit.D) (Figure 8). Complete degradation of the 
synthetic membrane was observed, with no microscopically detectable graft material in any subject. 
The extent of mature bone replacement in the grafted regions was highest in group III (NM/Vit.D) (p 
= 0.042). 

 

Figure 8. Group III- 1 month- sequestrum, a hallmark of osteomyelitis, displazying nonviable bone encircled by 
a dense inflammatory infiltrate rich in polymorphonucleated neutrophils. The bone fragment is separated from 
the surrounding osseous tissue (arrow): a. Hematoxylin and Eosine stain, magnification 5X; b. Hematoxylin and 
Eosine stain, magnification 10X. 

4. Discussion 

Vitamin D is an essential vitamin for bone mineral density, providing excellent opportunities to 
prevent and treat osteoporosis, as well as to maintain overall bone health [35,36]. Numerous studies 
have confirmed the role of Vitamin D in the process of osseointegration, suggesting that a deficiency 
in Vitamin D negatively affects bone regeneration and may impair implant osseointegration [37]. 
In most scientific literature, vitamin D is predominantly administered orally to treat systemic 
deficiency. The study conducted by Kwiatek J. et al. (2021) [38] highlights that oral administration of 
Vitamin D prior to dental implant insertion may promote osseointegration by increasing bone 
density. However, the actual effectiveness of this method can vary significantly depending on the 
patient's metabolic and hormonal status. 

As an alternative, the literature describes local applications of Vitamin D, either through implant 
surface modification to enhance bone–implant contact [39], or via a single topical application. The 
latter approach is nonetheless considered to be insufficient in predictably stimulating bone 
regeneration [40]. 

Nanostructured materials such as chitosan, PLGA, hydroxyapatite, or mesoporous silica allow 
the encapsulation of Vitamin D and other active substances, enabling their controlled and targeted 
release. Relevant studies confirm the scientific interest in such approaches. For example, Ghavimi 
M.A. et al. (2020) developed an asymmetric membrane with curcumin and aspirin for guided bone 
regeneration, indicating the potential of synergistic combinations [41]. Ho M.H. et al. (2022) used a 
functionally graded membrane with doxycycline- and enamel matrix derivative (EMD)-based 
nanofibrous composites to coordinate anti-inflammatory and osteogenic responses [42]. More 
recently, Zhou H. et al. (2024) proposed a Janus membrane with an asymmetric structure based on 
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bacterial cellulose and Ti3C2Tx MXene, demonstrating its applicability in guided bone regeneration 
[43]. However, the complexity of the materials used and the lack of long-term data are aspects that 
require a more rigorous and self-critical approach to validate these technologies. 

In the present study, we explored the effect of Vitamin D loaded on a nanostructured chitosan 
membrane, compared to natural healing and to a single local application using a hemostatic sponge. 
The nanostructured topography and the functional groups of chitosan (–OH, −NH2) can influence 
not only the mechanical properties of the membrane, but also the biological behavior of the material, 
acting as a synergistic enhancer of Vitamin D efficiency [44,45]. 

We used an animal model with induced osteoporosis, known for its reduced bone regeneration 
capacity. While the effects of osteoporosis on the jawbones are still debated, growing evidence from 
both preclinical and clinical studies points to a link between overall bone density and that of the jaws. 
Moreover, retrospective research suggests that osteoporosis may adversely affect pre-prosthetic bone 
grafting procedures or sinus augmentation surgeries [46]. Studies from the scientific literature 
confirm that a 12-week period post-ovariectomy is sufficient for the onset of bone changes 
characteristic of osteoporosis [47–52]. This framework allowed us to test interventions in a more 
realistic but also more challenging biological context. 

Histological analysis and bone turnover biomarker evaluation confirmed the presence of 
osteoporosis, and the timing for defect induction was justified by these data. However, it must be 
noted that the animal model has its own limitations in extrapolating results to the human clinical 
context. 

The results suggest that both methods of local Vitamin D administration can stimulate bone 
regeneration; however, the Vitamin D-loaded nanostructured chitosan membrane (NM/Vit.D) 
performed better in terms of bone density and matrix maturation. Nevertheless, the group treated 
with the hemostatic sponge (CS/Vit.D) showed higher scores for osteoblasts and osteocytes, 
suggesting intense metabolic activity during the early phase. This discrepancy between cellular 
activity and the amount of bone formed suggests a complex dynamic that requires further 
investigation to be fully understood. 

The presence of Haversian canals also varied over time among groups, indicating that bone 
remodeling is not linear but conditioned by multiple variables which are still unclear in the current 
literature. 

Overall, although both methods that include the loading of the active ingredient on a solid 
scaffold appear more effective that the administration of the Vit.D without any support matrix, the 
chitosan-based NM loaded with Vit.D provides evidence of improved efficiency in comparison with 
the hemostatic sponge. We attribute this effect both to the morphological characteristics of the 
chitosan membrane, specifically the nanoscale surface topography but also to the biomaterial, known 
for its hygroscopic properties [53]. Despite its strengths, our study also has a number of limitations: 
the lack of a functional placebo control (group only with the chitosan-based NM without vitamin D.), 
the relatively small number of subjects, and the fact that long-term effects of bone regeneration were 
not tracked. 

Compared to well-established methods—autografts and allografts—which remain the gold 
standard in bone defect therapy, the use of functional biomaterials such as chitosan-based NM offers 
a viable alternative, with potential to reduce risks and complications (infections, morbidity, poor 
integration) [37,49]. However, clinical applicability remains a challenge, and further studies are 
needed for validation. 

Our study results complement the research directions proposed by authors such as García-
Gareta (2015) [54] and Wang C.W. (2020) [55], who emphasize the need to develop smart biomaterials 
with controlled delivery. The novelty lies in integrating Vit.D into a bioactive matrix that not only 
supports regeneration but also accelerates it even under adverse conditions such as osteoporosis. 

The limitations of this study lie in the small number of animals used, but to improve this small 
number, bone defects were performed bilaterally leading to a doubling of the number of sites to be 
analyzed. A second limitation of this study was a further reduction in the number of defects, namely 
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4 samples from group II and 8 samples from group III, due to improper fixation and the occurrence 
of necrosis. The absence of local release data in the current study represents another limitation, which 
we aim to address in future in vitro and in vivo investigations. Regarding the validation of the 
osteoporotic model, this study primarily relied on findings from previously published literature, 
which constitutes a limitation of our research. This approach was chosen to reduce the number of 
animals used, in line with the 3Rs principle (Replacement, Reduction, and Refinement). However, to 
support the induction of osteoporosis, we measured two bone turnover biomarkers. As a control 
group, we used samples collected prior to oophorectomy, which introduces an additional limitation 
to this study. Another limitation lies in the descriptive histopathological assessment. We fully 
recognize that our semi-quantitative scoring lacks the morphometric precision that digital image 
analysis could provide. However, the standard light microscope does not support morphometric 
calibration, such as integrated digital quantification tools that are necessary for accurate area or 
volume measurements. Retrofitting them for morphometry would require additional software and 
validation, which were beyond the scope and intended resources of this study. Future work 
incorporating digital morphometry or dedicated morphometric microscopy (e.g., using calibrated 
stage micrometers or specific software) would indeed provide higher precision and could be pursued 
as part of subsequent studies. Additionally, we plan to integrate Masson's Trichrome staining in 
future protocols, which offers superior contrast between mineralized bone, fibrous tissue, and 
unmineralized osteoid. This stain will facilitate more precise discrimination and quantification of 
regenerated bone matrix versus fibrotic or residual soft tissue components, further strengthening the 
morphometric assessment and histological evaluation of regenerative outcomes. 

Future studies should consider the inclusion of additional control groups—such as sponge with 
vitamin D plus Bioguide—and extended observation periods to further clarify the role of each 
material component in bone healing. 

5. Conclusions 

The present study proves that, Vit. D loaded on chitosan NM has positive effects in the 
regenerative therapy of bone tissue, compared to hemostatic sponge and natural healing. Local, 
sustained and targeted release of vitamin D on a bioactive carrier such as chitosan NM can provide a 
relevant therapeutic strategy in bone regeneration, with potential for clinical translation. However, 
this hypothesis needs to be validated through rigorous clinical trials to confirm long-term efficacy 
and safety. 
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