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A B S T R A C T   

Introduction: Magnesium-based biomaterials have been explored for their potential as bone 
healing materials, as a result of their outstanding biodegradability and biocompatibility. These 
characteristics make magnesium oxide nanoparticles (MgO NPs) a promising material for treating 
bone disorders. The purpose of this investigation is to assess the osteogenic activity of newly- 
developed locally administered glycerol-incorporated MgO NPs (GIMgO NPs) in rabbits’ calva-
rial defects. 
Materials and methods: Characterization of GIMgO was done by X-ray Diffraction (XRD) and 
Fourier Transform Infrared Spectroscopy (FTIR). Bilateral calvarial defects were created in 
eighteen New Zealand Rabbits, of which they were divided into 3 groups with time points cor-
responding to 2, 4, and 6 weeks postoperatively (n = 6). One defect was implanted with 
absorbable gel foam impregnated with GIMgO NPs while the other was implanted with gel foam 
soaked with glycerol (the control). The defects were assessed using histological, Micro-Computed 
Tomography (Micro-CT), and histometric evaluation. 
Results: The characterization of the GIMgO nanogel revealed the presence of MgO NPs and 
glycerol as well as the formation of the crystalline phase of the MgO NPs within the nanogel 
sample. The histological and micro-CT analysis showed time-dependent improvement of healing 
activity in the calvarial defects implanted with GIMgO NPs when compared to the control. 
Furthermore, the histometric analysis demonstrated a marked increase in the total area of new 
bone, connective tissue, new bone area and volume in the GIMgO NPs implanted site. 

Abbreviations: GIMgO NPs, Glycerol Incorporated Magnesium Oxide Nanoparticles; NPs, Nanoparticles; MgO, Magnesium oxide; MgO NPs, 
Magnesium oxide nanoparticles; NBF, Neutral buffer formalin; XRD, X-ray diffraction; FTIR, Fourier Transform Infrared spectroscopy; Micro-CT, 
Micro computed tomography; TA, Total area; NBA, New bone area; NBV, New bone volume. 
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Statistically, the amount of new bone formation was more significant at 6 weeks than at 2 and 4 
weeks postoperatively in the calvarial defects implanted with GIMgO NPs as compared to the 
control. 
Conclusion: The locally applied GIMgO NPs demonstrated efficacy in promoting bone formation, 
with more significant effects observed over an extended period. These findings suggest its suit-
ability for clinical use as a therapeutic alternative to enhance bone healing.   

1. Introduction 

In the fields of oral, maxillofacial, and reconstructive surgery, the dilemma of bone repair deserves significant attention, partic-
ularly in patients affected by large bone defects as a result of congenital, pathological, or traumatic causes. These extensive bone 
defects are unable to undergo self-healing and often result in delayed union, nonunion, or malunion, contributing to a high incidence of 
disability and deformity [1]. Additionally, several factors such as aging, radiotherapy, certain medications, and chronic diseases like 
osteoporosis and diabetes can disrupt the ability of bones to heal [2,3]. 

In this regard, several regenerative procedures have been proposed to support bone repair, with the primary objective focused on 
enhancing bone metabolism, bone induction, and osteogenesis. Many conventional techniques for bone repair involved replacing the 
missing or damaged bone with bone transplants, such as autografts and allografts [4,5]. However, these grafting implants were 
associated with several drawbacks, including the short supply of these grafts, immune rejection from the host, infection risks, pro-
longed healing duration, and high surgical procedure costs [6–8]. 

The advancements in the field of biomaterials and synthetic bone substitutes have facilitated the creation of bone implants capable 
of aiding in bone repair. These substitutes have gained popularity in the treatment of bone defects due to their ability to obviate the 
need for biological tissues and additional surgical sites, while also eliciting minimal immune response from the host [9,10]. However, 
it is important to note that several of these materials exhibit limited bioactivity and osteogenic capabilities [11]. 

The advent of nanotechnology has facilitated the development of nanostructures that mimic the natural bone’s structures and sizes 
[12]. Nanomaterials possess distinctive physical and chemical properties, making them highly desirable for applications throughout 
various fields, including medicine, electronics, energy, and the environment. The physical and chemical characteristics of nano-
materials are influenced by factors such as size, shape, composition, and surface properties [13]. In particular, size plays a crucial role, 
resulting in a significantly larger surface area as well as an increased reactivity compared to their bulkier counterparts. Nanoparticles 
can take on various shapes, ranging from spherical, rod-like, or triangular to more intricate forms, which can impact their performance, 
including their dispersibility in liquid environments [14,15]. 

In recent times, the introduction of nanostructured biomaterials, such as nanostructured ceramics and nanobiogels, has demon-
strated significant improvements in achieving bone healing. Studies have reported that these nanomaterials mimic the nano- 
characteristics of bone, resulting in enhanced bone reconstruction [16]. However, these biomaterials demonstrate certain limita-
tions such as poor mechanical strength or inadequate degradation rates [17]. 

Metal and metal oxide nanoparticles (NPs) have gained significant attention in the field of bone regeneration due to their unique 
properties and potential applications. Metal NPs, such as silver, gold, and titanium, possess antimicrobial properties that can prevent 
infections and promote bone healing [18,19]. These NPs can also stimulate osteoblast activity and enhance mineralization processes 
[20]. Among these oxides, magnesium oxide (MgO) has garnered special interest due to its potential for bone repair and bactericidal 
effects [21,22]. MgO has been proven to positively influence the differentiation and proliferation of bone cells, expediting bone 
regeneration [23]. Furthermore, there has been an increasing incorporation of MgO NPs into polymer composites and biomedical 
implants in recent years. This is primarily due to the MgO NPs’ ability to enhance the mechanical properties of these materials, in 
addition to their potential as bone healing agents as a result of the exceptional biodegradability and biocompatibility of MgO [24–26]. 

Nevertheless, challenges related to biocompatibility and efficient delivery systems need to be addressed for their successful 
translation into clinical applications [27]. According to the aforementioned data, we designed this research to evaluate the bone 
healing activity of newly-developed locally implanted glycerol-incorporated MgO nanogel formulation in experimentally created 
calvarial defects in rabbits. 

2. Materials and Methods 

2.1. Chemicals 

Magnesium oxide nanoparticles (MgO NPs) [nano-powder, ≤50 nm particle size (BET)], glycerol (pharmaceutical grade 99.5%), 
gel foam, and all other chemicals used in this study were purchased from Sigma-Aldrich chemical company (St. Louis, USA). 

2.2. Preparation of glycerol incorporated magnesium oxide nanoparticles (GIMgO NPs) 

The GIMgO NPs 1% w/w solution was prepared by suspending 1 gm of MgO NPs with 99 gm of glycerol under aseptic condition. 
Sonication was performed to disperse NPs using a probe sonicator (BioLogics, Inc., Manassas, Virginia, USA) for 10 min [28,29]. 
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2.3. Characterization of MgO NPs 

2.3.1. X-Ray Diffraction (XRD) 
The diffraction pattern of the GIMgO NPs was done using an X-ray diffractometer (XRD) (Rigaku, Ultima IV, Japan) in order to 

study the type of phases and crystalline structure of MgO NPs. The source of radiation was Cu-kα with wavelength λ = 1.5406 Å, 
current of 30 mA, and voltage of 40 kV. The XRD spectra were scanned in the 2θ range of 10–80◦. 

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR analysis of the GIMgO NPs was investigated using PerkinElmer Spectrum 1000 spectrum (Shelton, CT, USA) by utilizing K 

Br plates in the absorbance mode at a wave number range of 600–4000 cm− 1. 

2.4. Loading of GIMgO NPs on pieces of gel foam 

Pieces of gel foam (5 × 5 mm) were soaked in the freshly prepared GIMgO NPs for 1 min and used immediately in the tested bony 
defects. 

2.5. Animals and experimental design 

Eighteen adult male New Zealand rabbits with an average weight of 3.75 kg were used in this study. All animals were housed in the 
animal unit at King Fahad Medical Research center in King Abdulaziz University, Jeddah, Saudi Arabia. The rabbits were individually 
housed in cages with free access to food and water ad libitum. The care and experimental protocols were accomplished in compliance 
with the “Guide for the Care and Use of Laboratory Animals”. Rabbits were split into three groups (n = 6) according to the follow-up 
period as follows:  

- Group 1: subjected to the surgical procedure and sacrificed after 2 weeks.  
- Group 2: subjected to the surgical procedure and sacrificed after 4 weeks.  
- Group 3: subjected to the surgical procedure and sacrificed after 6 weeks. 

Fig. 1. Showing the surgical steps. A: exposure of the calvaria; B: creation of circular bony defects with intact dura matter; C: filling the defects with 
the GIMgO NPs soaked gel foam on one side (tested site) and glycerol gel foam on the other side (control site). 
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2.6. Surgical procedure 

All procedures were performed in a surgical operating room under sterile conditions according to previous studies [30,31]. After 
overnight fasting, each rabbit was anesthetized by an intramuscular injection with a mixture of ketamine (5 mg/kg) and acepromazine 
(1.5 mg/kg) and given preoperative antibiotic (enrofloxacin 5 mg/kg subcutaneously). Then, the rabbit was fixed on a surgical table in 
a prone position. After shaving the calvaria skin and disinfecting it with alcohol, a longitudinal dissection along the sagittal suture was 
made in the scalp. Parietal bones were exposed by reflecting the skin, subcutaneous tissue, and periosteum. A critical size full-thickness 
defect measuring 7 mm in diameter was made on the left and right parietal bones using a low-speed trephine drill under constant cold 
saline irrigation, exposing the dura mater. Glycerol-soaked gel foam was implanted in one side (control site) and GIMgO NPs-soaked 
gel foam was implanted to other side (tested site). Then, a 4.0 silk suture was used to close the incision after readjusting the periosteum 
(Fig. 1). The rabbits recovered from anesthesia and were given postoperative anti-pain drugs and antibiotics. 

2.7. Sample collection 

At two, four, and six weeks, the rabbits of each group were sacrificed by a fatal intramuscular injection using a mixture of xylazine 
and ketamine hydrochloride. To obtain the bony specimens, the calvarial defects were identified and removed enbloc using a high- 
speed rotatory device with 3 mm of intact bone from the borders of the right and left holes to examine the normal bone structure. 

2.8. Histological study 

The halves of bony samples were fixed in 10% neutral buffer formalin (NBF) for 10 days and were decalcified in decal solution 
(Shandoon TBD-1M, Thermo Scientific) for 14 days, after which they were embedded in paraffin parallel to the sectioned surface. Serial 
5 μm thick sections were cut coronally along the midline of the calvarial defects and stained with hematoxylin-eosin (H & E) for 
histological and histometric analysis [32]. An Olympus light microscope (Olympus BX61- USA) with a built-in digital camera 
(Olympus 20) was utilized for microscopic examination and digital photomicrography (at magnifications of 40X and 100X). 

Histometric analysis of the two calvarial defects for each rabbit was performed using Image-Pro Plus software (Media Cybernetics, 
Silver Spring), where 6 different pictures of each cross-section at 100X magnification were assessed according to previous studies 
(analysis system; Image J) [33]. The following parameters were measured in mm2:  

- Total area (TA) of new bone and connective tissue within the margins of the bony defects, including new mineralized bone and non- 
mineralized tissue. 

Fig. 2. A. XRD pattern of GIMgO NPs and MgO NPs. B. FTIR spectrum of the synthesized GIMgO NPs and MgO NPs.  
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- New bone area (NBA) of the newly formed bone that was regenerated within the margins of the bony defects. 

2.9. Micro computed tomography (Micro-CT) study 

The other halves of the bony specimens were prepared for micro-CT scan (Skyscan 1174, Skyscan, Belgium, Faculty of Dentistry, 
KAU) at 100 kV voltage, 100 mA current, and 2300 ms of exposure time. The captured X-ray projections were at 0.70◦ intervals and 
180◦ angular rotation. The specimens were scanned with a 40 μm pixel size. 3-D images were composed by NRecon 1.66 computer 
software (Skyscan) assessing the continuous measurements of the bony defect axes (coronal, trans-axial, and sagittal). Micro-CT 
analysis of the two calvarial defects for each rabbit to assess the new bone volume (NBV in mm3) was done according to a previous 
study [34]. 

2.10. Statistical analysis 

The obtained histometric data from the calvarial defect samples were expressed as mean ± standard deviation (SD) values of 
groups. Analysis by one-way ANOVA using SPSS (version 21, Chicago, IL, USA) was performed to analyze the difference between the 
groups followed by Tukey’s test. Statistical significance was considered when P < 0.05. 

3. Results 

3.1. Characterization of GIMgO NPs 

3.1.1. XRD analysis 
The XRD evaluation was conducted to determine the size, construction, and pureness of the GIMgO nanogel. The XRD profile 

showed various peaks, which matched those in the standard reference file in both angular location and intensity, confirming the 
formation of the crystalline phase of MgO NPs in the sample (Fig. 2A). Additionally, the small percentage of MgO NPs in the glycerol- 
based blends lead to a decrease in the crystallite size/area. There was no variation in the XRD peaks on inclusion of the MgO NPs to 
glycerol, revealing that the spatial interrelationship between the two organized zones underwent no considerable transformation. 

3.1.2. FTIR analysis 
FTIR was done to identify the function group and features of MgO NPs in the sample of GIMgO NPs. The samples were scanned at 

the range of wave numbers at 400 cm− 1 to 4000 cm− 1. The spectra showed several peaks at different absorption bands, which indicated 
the presence of MgO NPs (Fig. 2B). At 1000 cm− 1, a slight shift and stretch of the band due to C–O bond of alcohol was seen, as well as a 

Fig. 3. Microscopic photomicrographs showing coronal sections of rabbit’s calvaria before and after the surgical procedure. A. Normal calvarial 
wall, which is formed of outer (OP) and inner (IP) plates with bone marrow cavities (BM) in between (H&E x 40). B. Inset showing higher 
magnification of the outer calvarial plate, which is formed of compact bone (CB) covered by periosteum (Pr) (H&E x 200). C. Preservation of the 
periosteum (Pr) after removal of the calvarial defect (H&E x 100). 
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broadening of the peak at 1420 cm− 1 related to the C–H bond. Two peaks attributed to the C–H bond were observed at 2880 cm− 1 and 
2940 cm− 1, indicating the presence of glycerol in the reaction. Also, a shift of the band appeared at 2900 cm− 1 as well as a stretching of 
the band at 3300 cm-1, due to the presence of O–H bundle of alcohol as a result of the intermolecular bond of the MgO NPs. 

3.2. Histological results 

The histological examination of the surgically removed bony part of the rabbit’s calvaria (Fig. 3) showed a normal structure 

Fig. 4. Microscopic photomicrographs of rabbit’s calvaria H&E-stained sections at two weeks after the surgical procedure showing: Control Site (A, 
B, C): A. Slightly thickened periosteum (Pr) with slightly enlarged lower peripheral edge of the defect (thick arrow). (x 40). B. Inset showing 
peripheral edge of the defect with small vascular spaces (VS). (x 200). C. Inset showing central part of the defect with condensation of wavy collagen 
fibers (CF), which come from the underlying surface of the periosteum (Pr). (x 200). Treated site (D, E, F): D. More thickened periosteum (Pr) with 
enlarged lower peripheral edge of the defect (thick arrow), SB = spongy bone of nearby part of native bone. (x 40) E. Inset of peripheral edge of the 
defect margin with more vascular spaces (VS) and appearance of new woven bone formation (WB). (x 200) F. Inset of central part of the defect was 
filled with thickened periosteum (Pr) with appearance of several layers of mesenchymal (undifferentiated) connective tissue (MCT). (x 200). 
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comprising of two plates (outer and inner) of compact bone with a layer of spongy bone in between (diploë) as indicated by the 
presence of bony trabeculae and bone marrow cavities. 

At 2 weeks, the central part of the defect in the control site (Fig. 4 A, B, C) showed a slightly thickened periosteum with 
condensation of wavy collagen bundles, which seemed to come from the underlying surface of the periosteum. At the peripheral edge 
of the defect, there was the appearance of some vascular spaces. No evidence of new bone formation could be detected. In the defect 
site implanted with GIMgO NPs (test site) (Fig. 4 D, E, F), the central part of the defect displayed thickening of the periosteum with 

Fig. 5. Microscopic photomicrographs of rabbit’s calvaria H&E-stained sections at four weeks after the surgical procedure showing: Control Site 
(A, B, C): A. More thickened periosteum (Pr) with enlarged lower peripheral edge of the defect and appearance of vascularized connective tissue. (x 
40). B. Inset of peripheral edge of the defect showing more vascular spaces (VS) and vascularized connective tissue (VCT) with no evidence of new 
bone formation (NBF). (x 200). C. Inset of central part of the defect showing thickened and condensed layers of Pr with wider layer of VCT. (x 200). 
Treated site (D, E, F): D. More thickened periosteum (Pr) with appearance of mesenchymal connective tissue (MCT), and the presence of large 
vascular spaces and woven bone (WB). (x 40) E. Inset of peripheral edge of the defect margin showing NBF in the form of small and irregular 
spicules of woven bone (WB) [lower left inset]. (x 200). F. Inset of central part of the defect showing thickened Pr with appearance of several layers 
of mesenchymal connective tissue (MCT) which contained undifferentiated mesenchymal cells (UMC) [lower left inset]. (x 200). 
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appearance of several layers of mesenchymal (undifferentiated) connective tissue deriving from its underlying surface. At the margins 
of the defect adjacent to the native bone, additional vascular spaces as well as the appearance of a new woven bone arrangement were 
recognized. 

At 4 weeks, the boundary of the defect area in the control site (Fig. 5 A, B, C) showed more vascular spaces and vascularized 
connective tissue with no evidence of new bone formation. In the central part of the defect, there were thickened and condensed layers 
of the periosteum with a wider layer of vascularized connective tissue. In the defect site implanted with the GIMgO NPs (test site) 

Fig. 6. Microscopic photomicrographs of rabbit’s calvaria H&E-stained sections at six weeks after the surgical procedure showing: Control Site: A. 
Mesenchymal connective tissue, large vascular spaces and newly formed woven bone that occupied nearly all the defect site under the periosteum 
(Pr). (40). B. Inset of peripheral edge of the defect margin showing a new bone formation in the form of small and irregular spicules of woven 
(immature) bone (WB) with presence of large vascular spaces. (x 200). C. Inset of central part of the defect showing larger vascular spaces (VS) and 
appearance of several layers of mesenchymal connective tissue (MCT). (x 200). Treated site (D, E, F): D. Mature lamellar bone was seen bridging 
the defect site under the Pr with underlying large vascular spaces (VS). (x 40). E. Inset of peripheral edge of the defect margin showing the presence 
of irregularly shaped Haversian systems (HS) and some wide Haversian canals (HC). (200). F. Inset of central part of the defect showing the lamellar 
bone (LB) formation with the presence of many osteocytes (Oc) inside lacunae. (x 200). 
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(Fig. 5 D, E, F), a new bone arrangement was detected in the lateral borders of the defect in the form of small and irregular spicules of 
woven (immature) bone, which encroached towards the center along the large vascular spaces. In the central region of the defect, there 
was a more thickened periosteum with the appearance of several layers of mesenchymal connective tissue. The underlying surface of 
the mesenchymal connective tissue contained undifferentiated mesenchymal cells that occupied almost the entirety of the defect area. 

At 6 weeks, the defect area of the control site was filled mainly with irregular newly formed woven bone at the borders of the defect. 
Nearing the center, many large vascular spaces and wider layers of mesenchymal connective tissue were present. However, no evi-
dence of lamellar (mature) bone formation could be seen (Fig. 6 A, B, C). In the defect site filled with the GIMgO NPs, mature lamellar 
bone was seen bridging the defect under the periosteum, along with the presence of irregularly-shaped Haversian systems, some wide 
Haversian canals, and the presence of many osteocytes inside their lacunae. Additionally, interconnecting bone trabeculae of woven 
bone were also present by the lamellar bone with large vascular spaces (Fig. 6 D, E, F). 

3.3. Micro-CT results 

The micro-CT examination corroborated the histological findings regarding the new bone formation (Fig. 7). After 2 weeks, the 
defect of the control site appeared radiolucent, which indicated no newly formed bone, while some radiopacity was seen in the defect 
margins filled with the GIMgO NPs as an indication of new bone formation. At 4 weeks, the bony defect filled with the GIMgO NPs 
displayed an increased radiopacity, which had begun to connect the two borders of the defect and presented a thin line of callus 
formation as compared to the control site. On the other hand, at 6 weeks, the site filled with the GIMgO NPs showed an almost radio- 
opaque area covering the entire defect with an unclear line of demarcation between the regenerated zone and tangential innate bone. 
In comparison, the control site showed thin areas of regenerated bone fragments with no completed bone bridging. 

3.4. Histometric results 

The results of histomorphometric analysis were displayed in Fig. 8. The total area (TA) of new bone and connective tissue together 
(Fig. 8A) showed a marked increase in the tested site (implanted with GIMgO NPs) as compared to the control site after 2 weeks (P <
0.05) (5.62 ± 0.18 and 4.92 ± 0.06 mm2, respectively), after 4 weeks (P < 0.001) (8.46 ± 0.15 and 6.14 ± 0.3 mm2, respectively) and 
after 6 weeks (P < 0.001) (14.16 ± 0.13 and 9.36 ± 0.37 mm2, respectively). When the total area in the tested site was compared 
according to the post-operative periods, there was a significant increase at the 4th week as compared to the 2nd week and at the 6th 
week as compared to the 4th week (P < 0.001). Regarding the new bone area (NBA) (Fig. 8B), there was a marked increase in the tested 
site as compared to the control site at the 2nd week (P < 0.05) (2.48 ± 0.07 and 1.84 ± 0.14 mm2, respectively), 4th week (P < 0.001) 
(5.26 ± 0.14 and 63.22 ± 0.28 mm2, respectively) and 6th week (8.24 ± 0.18 and 5.68 ± 0.22 mm2, respectively). When the new bone 
area in the tested site was compared according to the post-operative periods, there was a significant increase at the 4th week as 

Fig. 7. Micro-CT images of the rabbit’s calvarial bone showing the non-implanted (control) site and implanted (test) site with GIMgO NPs. 
A. After 2 weeks, the defect of control site appeared radiolucent, which indicated no newly formed bone while some radiopacity was seen in the 
defect margins filled with GIMgO NPsas an indication of new bone formation. B. At 4 weeks, the radiopacity increased in the peripheral parts of 
bony defect filled with GIMgO NPs, connecting the two borders of the defect as compared to the control site. C. At 6 weeks, the defect site filled with 
GIMgO NPs showed an almost radio-opaque area covering the entire defect with unclear boundary between the regenerated area and peripheral 
native bone. In contrast, the non-filled site showed thin areas of regenerated bone fragments with no completed bone bridging had formed. 
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compared to the 2nd week and at the 6th week as compared to the 4th week (P < 0.001). 
Regarding the micro-CT analysis of the new bone volume (NBV) (Fig. 8C), there was a significant augmentation (P < 0.001) in the 

test site in comparison to control site after 2 weeks (9.75 ± 0.19 and 4.12 ± 0.23 mm3, respectively), after 4 weeks (15.75 ± 0.27 and 
8.12 ± 0.34 mm3, respectively) and after 6 weeks (29.88 ± 0.29 and 29.88 ± 0.29 mm3, respectively). Moreover, the inter-group 
comparisons showed a significant difference between the 2nd and 4th weeks, as well as a more significant difference after the 6th 
week period when compared with 4th week period (P < 0.001). 

4. Discussion 

In this study, we examined the efficacy of a new formulation of GIMgO NPs in promoting bone healing activity in experimentally 
induced calvarial defects. The motivation behind this research stems from the fact that in some cases of periodontal diseases, 

Fig. 8. Graphic representations of statistical analysis of mean values of: A) total area (TA), B) new bone area (NBA) of newly formed bone and C) 
micro-CT of new bone volume (NBV) at 2, 4 and 6 weeks post-operatively. C = control site (non-implanted). T = test site (implanted with 
GIMgO NPs). 
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maxillofacial defects, or calvarial traumas, the bone gradually loses its functionality despite medical and surgical interventions. These 
issues can be addressed by utilizing grafting materials, specific bio-membranes, or biomaterials to stimulate the osteogenic properties 
of bone. However, most of these procedures come with significant limitations and disadvantages, and often exhibit unpredictable rates 
of resorption, which can considerably impact the amount of bone formation [35–37]. 

In the present study, the glycerol was incorporated with MgO NPs in an attempt to support their bone healing effects. Previous 
reports have indicated that the addition of glycerol to dematerialized freeze-dried bone xenografts yielded comparable osseous 
regeneration in a rat calvarium defect model, as compared to using glycerol alone [38]. Furthermore, clinical evidence has shown that 
the use of glycerol for bone hydration eliminates the need for additional moisturizers, preserves bone structures, and maintains their 
biomechanical properties. Its small molecular weight allows it to penetrate tissue structures, replacing water molecules [39]. Glycerol 
has three hydroxyl groups that are responsible for its water dissolvable and hygroscopic complexion [40,41]. Hygroscopy is the 
material’s capacity to captivate and grasp water around it. Thereupon, the entrapped water in the material modifies its physical 
properties (e.g. volume and tackiness) [42,43]. As a result of the moisturizing property of glycerol, bone grafts can be safely stored 
without drying at room temperature [44,45]. This is what promoted its use as a carrier in bone reconstruction matrices for almost 
twenty years. It was classified by the FDA as a safe and biodegradable liquid. Additionally, it has been used by numerous cosmetic and 
pharmaceutical manufactures [46]. 

Dispersion is a vital quality as it affects the physicochemical properties of NPs. The use of ultrasound sonication helps the dispersion 
of the NPs in the liquid and prevents their agglomeration. Thus, the sonicated GIMgO NPs may have increased the dissemination of the 
MgO NPs, improving their homogeneity, stability, and bioavailability, by enhancing the pharmacokinetics and pharmacodynamics 
through continuously hydrating the bone cells. This in turn provided specifically and selectively targeted, controlled osteogenesis [47, 
48]. 

The newly formulated hybrid material was characterized using Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray 
Diffraction analysis (XRD). These analytical techniques are effective in providing information on the composition and interactions of 
materials, thereby establishing a fundamental understanding of the interaction mechanisms. The FTIR and XRD characterization of 
GIMgO NPs confirmed the formation of a new hydrogel while maintaining the main structure and characteristics of MgO NPs and 
glycerol. Previous in vitro and in vivo investigations on NPs have reported that the results depend on various factors such as particle 
size, distribution, shape, aggregation, and surface charge of NPs. These factors need to be considered in order to analyze the possible 
hazards associated with the NPs [49,50]. 

We investigated the osteogenic efficiency of GIMgO NPs by creating critical-size calvarial defects (7 mm in diameter) in rabbits. A 
critically-sized defect refers to a defect that does not heal naturally and requires additional surgical intervention, such as autologous 
bone grafting [51,52]. However, the treatment approach should be individualized based on the size and extent of each defect, and with 
consideration for all available options [53]. Furthermore, this model is commonly utilized in bone investigations to evaluate 
osteo-promotive materials due to its cost-effective and straightforward approach to assess bone growth processes [54]. Various bones, 
including the mandible, calvarium, femur, tibia, fibula, and radius, have been used to create defects in animal studies. However, 
calvarial defects offer conditions similar to other cranial bones [55]. Bone tissue typically exists at the nanometer scale and consists of 
water, calcium, hydroxyapatite, and proteins. Therefore, the GIMgO NPs hydrogels can mimic the matrix of human bone [56], and the 
release of MgO NPs can stimulate bone regeneration [57]. 

Magnesium, an important mineral and the fourth most common metal element found in the human body, is present in bone tissue, 
accounting for nearly 50% of the total amount in the body [58]. In this regard, MgO is widely recognized for its involvement in the 
calcification process by stimulating the proliferation and differentiation of osteoblasts, thereby improving osteogenesis [59]. This 
makes it a promising material for the treatment of bone-related disorders such as osteoporosis, osteomyelitis, and bone fractures. The 
small size of MgO NPs (<100 nm) allows them to bypass biological barriers. The therapeutic effect of the MgO NPs is attributed to other 
physicochemical properties, including surface area to volume ratio, as well as their mechanical and optical properties [60,61]. 
Additionally, Mg is entangled in bone transformation, as it activates osteoblasts, enhancing their proliferation and aids in preventing 
bone resorption [62]. Recently, research has shown that it is imperative to take Mg supplements along with calcium and vitamin D to 
maintain healthy bones and prevent osteoporosis and fractures associated with osteoporosis [63]. 

Some previous studies that utilized MgO NPs in composites with biodegradable polymers for bone regeneration applications have 
confirmed their vital roles in influencing the behavior of the materials’ cells [64]. Moreover, the incorporation of MgO NPs into 
scaffold materials used in bone tissue engineering has demonstrated a significant enhancement in the bioactivity of the scaffold 
material, enabling it to promote the highest level of bone mineralization [23]. 

Our histological findings revealed distinct results between the tested and control sites, where the extent of new bone formation 
exhibited a direct correlation with the post-operative follow-up period, demonstrating a gradual increase from 2 weeks to 4 weeks and 
from 4 weeks to 6 weeks. At the 2-week mark post-operation, the bony defect of the tested site implanted with GIMgO NPs exhibited 
closure through the thickened periosteum along with the limited formation of woven (young) bone at the marginal edges of the defect. 
Conversely, no new bone formation was observed in the control site. It has been reported that the periosteum serves as a crucial source 
of nutrition and protection for cortical bone [65]. Additionally, the periosteum plays a vital role in prenatal and postnatal bone 
development and regeneration as it harbors progenitor cells [60]. Furthermore, it has been documented that traumatic or surgical 
irritation of the periosteum triggers new bone deposition [66,67]. 

At 4 weeks, the bony defect of the tested site was gradually filled by more proliferation of the periosteum as well as more formation 
of woven (young) bone that was continuous from the defect margin. This proliferation started from the periosteal membrane, and there 
was an immense formation of mesenchymal connective tissue that contained undifferentiated mesenchymal cells in addition to many 
small vascular spaces [68]. It has been suggested that the new bone formation at the border could be attributed to the presence of the 
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calvarial diploic region with its potent osteogenic effect, as well as its abundant supply of nutrition and stem cells. Furthermore, the 
newly formed bone exhibited small amounts of bone marrow space [69]. In comparison, the control site presented with vascular spaces 
and connective tissue, but no evidence of new bone formation. 

After 6 weeks, the defect area of the tested site was gradually healed with evidence of new bone trabeculae bridging over the entire 
defect. The new bone formation was characterized by an arrangement of woven bone in the beginning followed by an organization of 
lamellar bone. The increased number of osteon and Haversian canals formations was seen in the newly formed bone in the GIMgO NPs 
sites as compared with the control sites. It was mentioned previously that the initiation of osteoid formation indicated its future 
transformation into mature bone [70]. These results are consistent with a previous study that assessed bone regeneration after 4 and 8 
weeks in calvaria defects in rabbits, revealing new bone deposition and healing at these time points [68]. Moreover, researchers 
determined 2–4 weeks and 8–12 weeks to be the early and late time periods respectively to observe healing effects in bone [30]. It was 
reported that when approaching the center of healing bone, osteoblasts that are formed from undifferentiated mesenchymal cells 
become aligned in a matrix of woven bone. After the formation of sufficient primary woven bone by osteoblasts, a noticeable variation 
in bone deposition arrangement occurs. The linearly aligned osteoblasts accumulate the collagen matrix in order to make parallel 
lamellar bone fibers [71]. 

We evaluated the newly formed bone using micro-CT imaging. It was stated that the two-dimensional and three-dimensional micro- 
CT analyses are the most reliable methods for measuring the amount of new bone. Hence, the accurate and detailed micro-CT analysis 
is complimentary to the microscopic examination [72,73]. In our study, micro-CT results were consistent with the histological ex-
aminations presented. After two weeks, the results indicated that the tested defects had little bone formation at the peripheral borders 
and there was no notable variation in newly formed bone volume at the different sites. After four weeks, when compared to the control 
site, the original bone defects of the tested site were found to have reduced, and the appearance of more new bone formation at the 
margins extending towards the center could be noted. The area of new bone tissue on the experimental side was much larger than the 
control site as analyzed by the micro-CT. With the time extension, the relative bone volume gradually increased, providing a statis-
tically significant difference among the different time points. In line with our findings, a previous study by Tsunori, K. et al. [74] found 
a notable variation in bone volume among the control and the treated groups after 8 weeks using micro-CT interpretation. 

5. Conclusion 

From the histological and micro-CT results of this study, we could conclude that the locally administered GIMgO NPs formulation 
was effective in stimulating bone formation and has the potential of healing bone defects, with more significant effects observed over 
an extended period. Therefore, this formulation can be appropriate for clinical application as an efficient therapeutic substitute to 
promote bone healing, particularly large bony defects. However, further trials must be performed to assess the reliability of this new 
formulation regarding the dosing and timing needed for complete healing. 
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