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Abstract  

In our previous study, a three-dimensional gelatin/bioactive glass nanocomposite scaffold 

with a total porosity of about 85 % and pore sizes ranging from 200-500 μm was prepared 

through layer solvent casting combined with lamination technique. The aim of this study was 

to evaluate in vitro biocompatibility and in vivo bone regeneration potential of these scaffolds 

with and without endothelial cells when implanted into a critical-sized rat calvarial defect. 

MTT assay, SEM observation, and DAPI staining were used to evaluate cell viability and 

adhesion in macroporous scaffolds and results demonstrated that the scaffolds were 

biocompatible enough to support cell attachment and proliferation. To investigate the in vivo 

osteogenesis of the scaffold, blank scaffolds and endothelial/scaffold constructs were 

implanted in critical-sized defects, whereas in control group defects were left untreated. Bone 

regeneration and vascularization were evaluated at 1, 4 and 12 weeks post-surgery by 

histological, immunohistochemical and histomorphometric analysis. It was shown that both 

groups facilitated bone growth into the defect area but improved bone regeneration was seen 

with the incorporation of endothelial cells. The data showed that the porous Gel/BaG 

nanocomposite scaffolds could well support new bone formation, indicating that the p roposed 

strategy is a promising alternative for tissue-engineered bone defects. 

 

Key words: Bone tissue engineering; Nanocomposites; Gelatin/Bioactive glass; In vivo; Endothelial 

cells 
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1. Introduction 

Tissue engineering/regenerative medicine approaches hold great promise for 

regeneration or replacement of damaged tissues and organs. These strategies rely on the 

combination of a biocompatible scaffold, cells as the biologically functional units and growth 

factors (1-3).  

One of the most investigated fields of bone tissue engineering is the fabrication of a  

porous scaffold which acts as a temporary 3D matrix for cell adhesion, proliferation and 

subsequent extracellular matrix (ECM) deposition at the repair site (4). An ideal scaffold 

should possess several criteria including excellent bioactivity (i.e., osteoconductivity and 

osteoinductivity), appropriate mechanical properties, highly porous structure (porosity 50% 

and pore sizes in the range of 100–500 m) and good biodegradability (5-8). A variety of 

materials such as bioceramics (bioactive glasses, hydroxyapatite etc.), polymers (natural or 

synthetic) and composites have been used as bone substitute materials (9-11). Bioactive 

glasses are well-known to be biocompatible, highly bioactive and both osteoconductive and 

osteoinductive (12). They can bond strongly to hard and soft tissues through the development 

of a surface layer of hydroxycarbonate apatite (HCA) (13) and their ionic dissolution 

products enhance angiogenesis and up-regulate specific gene expression that controls the 

osteoblast cell cycle (14-16). However, intrinsic brittleness, low fracture toughness and poor 

mechanical strength of ceramics are limiting factors in the utilization of this class of materials  

in load-bearing sites (12, 17, 18).  

Over the recent years, increasing attention has been paid to nanocomposite scaffolds 

made of polymers and bioactive materials. For this purpose, natural polymers such as 

collagen, gelatin, alginate and synthetic polymers such as PLA, PGA, and PCL have been 

investigated (19). Natural polymers have attractive properties including good 

biocompatibility, biodegradability, and flexibility but poor mechanical strength limits their 
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use in load-bearing bone applications (20). The addition of an appropriate polymer to a 

bioactive ceramic reduces its brittleness while ceramic phase improves bioactivity and 

stiffness of polymer in the composite structure as a bone scaffold. (21-23). Gelatin is the 

hydrolyzed form of collagen which is a major constituent of the organic phase of the bones 

(24). In comparison with collagen, due to its biocompatibility (because of its natural origin), 

biodegradability and very low antigenicity, gelatin has been widely used in the biomedical 

fields including tissue engineering applications (25). Incorporation of gelatin with ceramics 

such as bioactive glasses and hydroxyapatite (HA) can efficiently improve their mechanical 

properties. The rapid degradation rate of gelatin in aqueous environments and its weak 

mechanical properties can be modified through cross- linking by chemical agents such as 

glutaraldehyde or genipin (26, 27).  

Bone is a highly vascularized tissue and osteogenesis and angiogenesis are inherently 

coupled processes. Therefore, successful bone regeneration requires the timely formation of a 

new vascular network (28, 29). For this purpose, several approaches have been suggested, 

including the incorporation of vasculogenic cell sources like endothelial progenitor cells 

(EPCs) or endothelial cells (ECs) on the scaffold. These cells can constitute capillaries within 

the scaffold in vitro and connect to the host’s vasculature systems in vivo. This ensures 

adequate nutritional support for the bone graft. Also several studies have shown that 

cytokines and growth factors (such as PDGF; Platelet-derived growth factor, BMPs; Bone 

morphogenetic proteins, FGF-2; fibroblast growth factor 2, and EGF; Epidermal growth 

factor) released by endothelial cells recruitment and activate the osteoprogenitor cells at the 

repair site and thereby promotes bone formation (30-32). 

Previously, we reported fabrication of a macroporous bioactive nanocomposite 

scaffold using cross-linked gelatin and bioactive glass (BaG) nanoparticles(33). In the current 

study, we aimed to evaluate the biocompatibility and cytotoxicity of the Gel/BaG 
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nanocomposite scaffold by in vitro tests, then investigated in vivo osteogenic and angiogenic 

potential of the scaffold with and without endothelial cells in a critical-sized rat calvarial 

defect model. At 1, 4 and 12 week time points after implantation, we assessed the 

regeneration of bone tissue using histological, immunohistochemical and histomorphometric 

analysis.  

 

2. Materials and Methods 

2.1. Scaffold fabrication and characterization 

The 64S bioactive glass powder (64%SiO2, 31%CaO and 5%P2O5 -based on mol %) 

was synthesized by sol-gel method and characterized. Briefly, 14.8 g (0.064 mol) of 

tetraethyl orthosilicate (TEOS) was added into 30 mL of 0.1 M nitric acid and stirred for 30 

min for the acid hydrolysis of TEOS. 0.85 g (0.005 mol) triethyl phosphate (TEP), and 7.75 g 

(0.031 mol) of calcium nitrate tetrahydrate were consecutively added to the mixture at 

intervals of 30 min under continuous magnetic stirring at room temperature. The resultant sol 

was kept at room temperature for about 10 days, aged at 70 ºC for 72 h and finally dried in an 

oven at 120 ºC for 48 h. After grinding and sieving, the dry powder heated 24 h at 700 ºC for 

nitrate elimination. The powder was ground for 10 h for achieving BaG nanoparticles. 

Gel/BaG (60/40 w %) nanocomposite was fabricated by layer solvent casting combined with 

freeze-drying and lamination techniques. Briefly, nanocomposites were prepared by adding 

BaG nanoparticles into a 10% (w/v) gelatin (Merck) solution under 700 rpm magnetic stirring 

and allowed to be homogenized. The mixture was poured into a proper mold to cast in layer 

form and frozen at -20 ºC. In order to produce 3D porous structure, the frozen mixture was 

moved to the freeze dryer at -57 ºC and 0.05 mbar for 24 h. Freeze dried samples were cut 

into proper sizes and laminated by applying a gelatin solution of 10% (w/v) as a binding 

agent. Finally, to cross- link gelatin polymeric chains, samples were soaked in a crosslinking 
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bath with a glutaraldehyde (GA) solution of 1% (w/v) for 24 h. Then nanocomposites were 

washed with deionized water to eliminate probable cytotoxic effects of residual GA within 

the scaffolds. Samples used for all analyses in this study were typically in the disk shape with 

6 mm diameter and 1.5 mm thickness. More details about the scaffold fabrication and 

characterization methods are available in our previous reports (33, 34). 

 

2.2. Cell seeding on the scaffolds 

Human umbilical vein endothelial cells (HUVECs) were purchased from the National 

Cell Bank at the Pasture Institute of Iran, Tehran, Iran. Endothelial cells were cultured in 

Ham's F12 (Gibco, Grand Island, NY) containing L-glutamine & nonessential amino acids 

supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100U/mL (1%) 

streptomycin/penicillin (Invitrogen) and incubated at 37°C in a 5% CO2 and 95% humidity. 

The culture media was changed every 3 days and when cells reached 80% confluency, they 

were washed with phosphate buffered saline (PBS) and passaged with 0.25% trypsin/EDTA 

(Gibco).  

  For cell seeding (in order to perform cell adhesion assay and in vivo implantation of 

cell- loaded scaffolds), all the scaffolds were sterilized by UV radiation for 40min and 

preconditioned in culture medium for 48 h prior to cell culture. Endothelial cells were seeded 

on the sterilized scaffolds at the concentrations of 3×105 cells per sample. The cell- loaded 

scaffolds were then placed in a 37 ºC incubator for 48 h.  

 

2.3. Cytotoxicity evaluation 

In vitro cytotoxicity evaluation of the composite scaffolds was performed by indirect MTT 

test. For this purpose, endothelial cells were seeded at a density of 3×105 cells/well into 24-

well tissue culture plate (TCP) and incubated for 24 h at 37°C in 5% CO2. Then, in the test 
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group, the scaffolds were placed into the wells and cells were exposed to the scaffolds for a 

period of 72 h in the incubator. While in positive control group ECs were treated with only 

culture medium (Ham's F12). After 72 h of incubation, 150 L of MTT solution (5mg/mL 

MTT in PBS 0.1 M) was added to sample medium in each well. Following 4h incubation at 

37oC, the medium and scaffolds were removed and 600 L of dimethyl sulfoxide (DMSO) 

was added to each well to dissolve the formazan crystals. Finally, 100 L of the resulting 

supernatant was transferred to a 96-well plate and the absorbance (optical densities) was 

measured by an ELISA reader at 570 nm (35). 

 

2.4. Cell adhesion assay  

Scanning electron microscopy (SEM) analysis was done to examine cell morphology 

and adhesion on the scaffolds. 48h after cell seeding, cell-cultured scaffold specimens were 

washed twice with phosphate-buffered saline (PBS) and the cells were fixed with 2.5% 

glutaraldehyde for 1h. Post-fixation was performed in 1% Osmium tetroxide, and dehydration 

in a graded series of alcohols (70%, 80%, 96%, and two changes of 100% ethanol). Samples 

were then freeze-dried and kept dry using silica gel (36). Dried samples were coated with a 

thin layer of Gold (Au) and then the morphology of the cells was observed using a scanning 

electron microscope (Philips XL30, Netherland) that operated at the acceleration voltage of 

25 kV. 

To observe the attached endothelial cells on the scaffolds, nuclear staining with DAPI 

was performed, 48 h after cells seeding. For this aim, samples were fixed with 4% 

paraformaldehyde and washed for removing probable unattached cells. Then, cells were 

permeabilized with 0.2% TritonX100, stained with 4′-6-diamidino-2- phenylindole (DAPI-

Sigma, 1:1000 dilution of stock in PBS) solution for 20 min, and finally were examined by 

fluorescence microscopy (37). 
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2.5. Animal surgery 

Animal experiments were performed in accordance with the IR-approved animal 

research protocol (IR.IUMS.REC.1389.2014). Twenty-seven adult male Wistar rats, 

weighing between 250- 300 g were used in this study and randomly assigned to the 3 groups. 

The animals were maintained in a light and temperature-controlled environment and given 

food and water in the animal house of Iran University of Medical Sciences.   

All surgical procedure was performed with aseptic techniques. General anesthesia was 

induced with an intraperitoneal injection of 85 mg/kg ketamine hydrochloride (Ketara, 

Yuhan) and 15 mg/kg xylazine (Rompun, Bayer Korea). The skin incision was done 

longitudinally and two 6.0-mm symmetrical full- thickness bone defects were created across 

the sagittal suture using a trephine drill. Bare scaffolds (n=9) and cell- loaded scaffolds (n=9) 

were then implanted in the cranial defects whereas, in control group, defects were left 

untreated (n=9). After implantation, the skin incision was closed using 5-0 Vicryl sutures. In 

cell- loaded scaffolds group, cyclosporin A was administered subcutaneously in a daily dose 

of 5 mg/kg body weight to avoid immune rejection of allogeneic endothelial cells (35, 38). 

 

2.6. Histology and Immunohistochemistry   

1, 4 and 12 weeks after implantation, each animal received an overdose of chloroform 

inhalation till death (three animals per group per time point). We collected the specimens by 

excising the implanted grafts along with the adjacent tissue. The specimens were fixed in 

10% formalin, decalcified in 14% EDTA, dehydrated in an ascending grade of ethyl alcohol, 

cleared in zylol and embedded in paraffin. Paraffin-embedded sections were serially cut at the 

thickness of 5μm and stained with Hematoxylin & Eosin (H&E) and Masson’s trichrome 

(MT). 
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To detect newly formed bone tissue and blood vessels in the graft area, 

immunohistochemical staining was performed against collagen I (Col I) and osteocalcin 

(OCN) as osteogenic markers and CD31 as an endothelial cells marker, on the 3-month time 

point's histological sections. The Ventana Ultraview DAB Kit (Ventana Medical Systems 

Inc., Tucson, AZ) was used for collagen type I detection. Briefly, the 5-μm deparaffinized 

sections were washed in PBS and digested with 0.5% pepsin to increase the accessibility of 

antigens. The sections were washed again with PBS, incubated with 3% hydrogen peroxide to 

block endogenous peroxidase, blocked by incubation with 1% BSA and subsequently 

incubated with the primary antibody (collagen type I, Abcam) for 60 min at room 

temperature. After washing in PBS, sections were incubated with biotinyla ted secondary 

antibody for 2 h at room temperature and exposed to horseradish peroxidase (HRP) labeled 

streptavidin. Then immunolocalization was performed using 3, 3′-Diaminobenzidine (DAB) 

and finally, the procedure was completed using nuclear hematoxylin counterstaining to reveal 

the nuclei. For immunohistochemical detection of OCN and CD31, sections were 

deparaffinized and retrieved by citrate buffer in an oven for 10 minutes. The slides were 

permeabilized in PBS containing 0.3% Triton X-100 for 10 minutes at room temperature and 

then blocked with normal goat serum for 1 hour. Permeabilized specimens were incubated 

with anti-Osteocalcin (ab93876) Rabbit monoclonal antibody and Anti-CD31 (ab24590) 

antibody at 4 ◦C overnight, after being washed with phosphate buffered saline (PBS), 

incubated with Alexa-Fluor 488® goat anti Rabbit- (IgG) antibody for 1 h at 37◦C. The slides 

were stained with DAPI (Sigma), which specifically bind to the nucleus and visualized by 

fluorescent microscopy (35). 
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2.7. Histomorphometric analysis 

New bone formation (NB %) was quantified by blinded histomorphometric analyses 

of random H&E images with a computer-based image analysis system (Image-Pro Plus, 

Media Cybernetics, Silver Spring, MD, USA) as expressed by the ratio of the neoformative 

bone area to the original total defect area as follows (39):  

NB % = 
                      

                            
     

2.8. Statistical analysis  

Experimental results were expressed as the mean ± standard deviation and statistical 

analysis of data was performed by one-way analysis of variance (ANOVA) and paired 

Student t-test. A value of p <0.05 was considered to be statistically significant.  

 

3. Results 

3.1. Material characterization 

Detailed characteristics of the synthesized bioactive glass powder and the fabricated 

scaffold have been reported previously by Mozafari et al (33, 34). A sample SEM image 

taken from the scaffold surface was shown in Fig.1A-B. SEM image shows 3D Gel/BaG 

nanocomposite scaffold with parallel aligned and interconnected pores. The porosity of the 

prepared scaffold was about 85% and the average pore size was in the range of 200–500 m 

which is desirable for immigration of osteoblasts and new bone growth.  

 

3.2. Cytotoxicity evaluation 

MTT is a quantitative colorimetric assay to evaluate cell viability based on the 

reduction of tetrazolium salt by mitochondrial enzymes into a colored formazan. The 

absorbance value (i.e., optical density), as a measure of cell viability, was determined for the 

ECs loaded scaffolds (Fig.1C). There was no significant difference in cell density between 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

scaffolds and positive control. That indicates the developed scaffold is biocompatible and 

have no cytotoxic effect on the cell survival and proliferation.  

SEM micrographs (Fig.1D-E) of cell-seeded scaffolds show that endothelial cells are 

attached and some of them are spread on the scaffold surface after 48h. The result was further 

confirmed with nuclear staining method using DAPI for 48 h, as shown in the corresponding 

image Fig.1F. Blue stained cells indicate that ECs were able to adhere and spread on the 

surface of scaffolds. 

 

3.3. Histological and Immunohistochemical observations: 

All animals used in this experiment survived and were healthy during the different 

time points following implantation. Histological (H&E and MT staining) and 

immunohistochemical (Col I, OCN and CD31) examination of the osteogenic potential of 

bare scaffolds and ECs-loaded scaffolds were performed 1, 4 and 12 weeks after implantation 

in the above-described rat calvarial defect model. Masson’s trichrome staining was used to 

visualize the formation of collagen and vascularization.  

 

As shown in Fig. 2, at 1st week after transplantation, in both cell- free scaffold and 

ECs/scaffold groups, fibrocytes emerged and formed a loose connective tissue around the 

scaffold. Inflammatory cells, mostly neutrophils, infiltrated into the implantation site. The 

structural integrity of the scaffold was maintained and no signs of degradation or resorption 

could be observed (Fig.2.A1-C1). At this time, untreated defects looked unchanged and no 

evidence of fibrous tissue or bone formation was observed.  
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At week 4 (Fig.3), bone regeneration could be observed at both cell- free and ECs 

loaded scaffolds groups.  In cell- free scaffold group, the connective tissue became mature and 

infiltrated into the scaffold pores and new bone formation occurring from the periphery, 

extended to the central zone of the scaffold. Collagen fibers stained in blue (MT staining) 

were observed among the scaffold which confirms ECM formation and primary bone 

synthesis by osteoblast cells.  

 

Compared to the bare scaffold groups, in the defects treated with ECs- loaded scaffolds, the 

new bone formation was observed both at the center and margin of the scaffolds. MT-stained 

sections revealed more collagen deposition and newly formed bone (red stain) within the 

constructs. Small blood vessels were also observed throughout the scaffolds. Scaffolds are 

gradually degraded which provide more space for bone and vascular tissue in-growth 

(Fig.3.A1-C1). Macrophages comprise the majority of the inflammatory cells at the implant 

site after 4 weeks. Some foreign body giant cells were seen around the cell loaded scaffolds. 

In the control group, a fibrous connective tissue filled the defects and a few small bony 

islands were observed at the edge of the bone defect.  

 

At 12 weeks after implantation of ECs- loaded scaffolds (Fig.4), they were replaced by 

growing woven bone but some part of implanted scaffolds still were observed in the graft 

area. Collagen fibers were deposited throughout the entire implant, showing that the cells 

have fully penetrated into the porous scaffold. Blood vessels are mature and infiltrated 

throughout the scaffold. In the cell- free scaffold group, the newly formed bone in the 

peripheral area gradually grew upwards to the central region of the scaffold and occupied a 

large area of the bone defect. Compared to the cell-seeded group, more residual scaffold 

material was observed in this group after 12 weeks (Fig.4.A1-C1). In both treated groups, 
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newly formed tissue integrated well with adjacent host bone. In the control group, a dense 

fibrous connective tissue filled the defect and new bone formation was restricted to the 

margin of native bone. 

 

Immunohistochemical studies showed positive staining for Col I (Fig5. A1-C1) and 

OCN (Fig5. A2-C2) in both group sections through the 12-week period, which confirm new 

bone matrix formation and mineralization. However, for the cell- loaded scaffold group, 

stained areas seems more compared to the pure scaffold group. The identity of vascular 

structures was verified by immunohistochemical detection against CD31 as an endothelial 

cell surface marker (Fig5. A3-C3). Stained immunohistochemical sections displayed a higher 

density of blood vessels within the defect area in ECs loaded group. These results were in 

agreement with the findings of the histological analysis. 

 

3.4 Histomorphometric analysis 

Quantitative assessment of new bone percentage was evaluated by calculating the 

ratio of the new bone area to the original total defect area at different t imes post- implantation 

(Fig.6). As the implantation time passed from 4 weeks to 12 weeks, NB (%) increased from 

72.1 % to 39  2 % for the defects treated with cell- free scaffolds. In comparison, 

ECs/scaffold treated defects showed more bone formation significantly, of which the mean 

NB (%) values increased from about 22  1.8 % to 69 3 % from 4 to 12 weeks post-

operation. The results also demonstrated that ECs loaded scaffold group seemed to provide a 

greater rate of scaffold degradation in comparison to the bare scaffold.  
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4. Discussion 

Bone is a dynamic, highly vascularized connective tissue with the unique capacity to 

heal and remodel without scar tissue formation. However, restoration of large bone defects 

remains a great challenge, because a large quantity of bone regeneration is required which 

may be beyond the self-repair ability of the bone. Tissue engineering approaches recapitulate 

natural processes of tissue regeneration and development by applying biocompatible 

scaffolds, cells and bioactive molecules (40). Recently, the development of nanocomposite 

scaffolds made of biopolymers and nanoscale bioactive ceramics, as bone substitute material, 

demonstrated a promising strategy in the regenerative medicine (41). In comparison with 

micro-sized bioceramic particles, nanoscale particles show a higher specific surface area as 

well as a higher interface area which leads to the formation of a tighter interfacial bonding 

between the bioceramic and polymeric components. A higher surface area also encourages 

the attachment of biomolecules and subsequently cells to the scaffold surfaces (42, 43). 

Nanosized Bioactive glasses are extensively applied in the preparation of polymer-ceramic 

composites in order to enhance biochemical and physiological properties of the scaffold. In 

fact, BaG phase provides osteoinductive, osteoconductive and enhanced angiogenic 

characteristics to the polymeric substrate (44). Pamula et al.(45) reported that the 

incorporation of BaG to the PLGA substrate increase the tensile strength and Young’s 

modulus of the composites scaffold compared to pure PLGA. This result suggests that 

presence of BaG particles act as a reinforcing phase within the polymer ma trix. Furthermore, 

Gerhardt et al. (46) reported that incorporation of BaG to the PDLLA matrix enhanced 

osteogenic and angiogenic properties of the PDLLA scaffold. So that, after 8 weeks of in vivo 

implantation, composite scaffolds were replaced with newly formed bone and demonstrated 

higher vascularisation and percentage blood vessel to tissue than PDLLA scaffolds. On the 

other hand, biopolymers such as gelatin have highly organized structures and mimic the 
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natural ECM of the bone. Meanwhile, with regard to their biological origin, they contain 

specific recognition sites which are necessary for cell-material interaction(47, 48). Thus, 

incorporation of biopolymers to the ceramic matrix improve biocompatibility and cell 

interaction properties of the resultant composite scaffold.  

The aim of this study was to evaluate bone regeneration using a Gel/BaG 

nanocomposite scaffold and endothelial cells (HUVEC) in critical-sized rat calvarial defects. 

In vitro cytocompatibility evaluation of scaffold was performed by MTT assay, SEM 

observation, and DAPI staining. The results indicated that fabrication method and scaffold 

materials had no cytotoxic effects on viability and metabolic activity of seeded cells. 

Adhesion and morphology of endothelial cells on scaffolds were observed by SEM. The 

attached cells clearly revealing an extended morphology of cells with emitted lamellipodia, 

anchoring onto scaffold surfaces which allow cells to interact with each other. Additionally, 

DAPI staining confirmed presence and distribution of the cells on the scaffold surface which 

is consistent with MTT assay and SEM observation.  According to these results, we can 

conclude that GA-crosslinked Gel/BaG nanocomposite scaffolds had good biocompatibility 

and are suitable as a scaffold material for bone tissue engineering applications.  

To investigate the potential of nanocomposite scaffold for induction of bone 

formation, 6mm critical-sized defect was created in rat calvarial bone. Defects were filled 

with bare scaffold and endothelial cells loaded scaffold whereas the negative control group 

remained untreated. None of the rats showed infection or immune response at the surgical 

site. This confirmed results already are obtained from the in vitro biocompatibility 

assessment of the scaffolds. The new bone formation was further characterized by 

histological (H&E and MT staining), immunohistochemical and histomorphometric analysis. 

Active bone regeneration in the calvarial defects was observed in both bare scaffold and ECs 

loaded scaffold groups. But the processes of bone regeneration was different between two 
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groups as the implantation time lapsed. The results of histology and immunohistochemistry 

indicate that the pure Gel/BaG nanocomposite scaffolds have good biocompatibility and 

osteoconductivity. These findings are consistent with Kargozar et al. report that Gel/BaG 

nanocomposite scaffolds are well biocompatible and enhance new bone formation especially 

in presence of MSCs (49). Periosteal osteoprogenitor cells and blood vessels grow into the 

defect site and new bone tissue regenerate and gradually infiltrate into the implant along with 

the resorption of the scaffold material. Direct contact appeared at the bone-scaffold interfaces 

and increased from 4 weeks to 12 weeks. In comparison, ECs loaded constructs show not 

only good biocompatibility but also faster and more efficient osteogenesis concomitant with 

the generation of new blood vessels at the defect site. Positive immunostaining for specific 

endothelial marker CD31 was detected in both group, but marked differences in vascular 

density were evident. This result confirms that incorporation of endothelial cells in scaffolds 

promote the formation of vascular networks which can lead to accelerated bone regeneration. 

Bates et al. reported that transplantation of EPCs into the bone defects evidently enhanced 

bone repair when compared to control treatment. In fact, increased VEGF expression by 

EPCs incorporated in the defect site stimulate BMP-2 expression in local endothelial cells 

and subsequently BMP-2 stimulates VEGF expression in osteoblast cells. The obtained 

results clearly show the importance of coordinated coupling of angiogenesis and osteogenesis 

in the bone regeneration process(50). The above inference confirmed by 

immunohistochemistry assay of osteogenic markers, i.e., collagen type I and osteocalcin on 3 

months' time point sections. Collagen type I, as early bone formation marker, imply osteoid 

formation in vivo and would be stained in blue by Masson trichrome staining. ECs loaded 

scaffolds displayed greater collagen staining rather than the cell- free scaffold samples, 

indicating more extracellular matrix synthesis by osteoblast cells. Osteocalcin (OCN) is the 

most extracellular matrix protein expressed by osteoblasts in bone tissue and its production 
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signify osteoblast maturation and the onset of ECM deposition and mineralization. Notable 

amounts of OCN expression could be seen in the ECs/scaffold treated groups which prove 

new bone tissue formation. These results were confirmed by the statistical analysis of bone 

formation. 

While contributing to the new bone formation, the scaffolds gradually degrade in vivo 

and leave more space for newly formed bone and blood vessels until full tissue regeneration. 

In this study within 12 weeks after implantation, the scaffolds had been almost degraded 

except for some residual scaffold materials scattered in the implanted site. Residual scaffold 

materials exist more in the defects treated with bare scaffold rather than in the area grafted 

with cell loaded construct. This may be due to the presence of multinucleated giant cells in 

the ECs loaded scaffolds. The presented data indicate that the porous Gel/bioactive glass 

nanocomposite scaffold well support the new bone formation and is a promising material for 

tissue-engineered bone repair. These results also support the angiogenic potential of 

endothelial cells and the concept that angiogenesis can enhance regeneration of bone in a 

critical-sized defect (51, 52). 

 

5. Conclusion 

In the present study, we evaluated the osteogenic potential of gelatin/bioactive glass 

nanocomposite scaffold with endothelial cells in a critical-sized rat calvarial defect as the 

animal model. In vitro experiments confirmed that the scaffolds were biocompatible and 

support cell adhesion. The histological, immunohistochemical and histomorpho metric 

analysis demonstrated that the nanocomposite scaffolds significantly enhanced bone 

regeneration in critical defects compared with control group. In addition, bone regeneration 

appears to be further enhanced by the incorporation of endothelial cells into scaffolds, due to 

improving the vascularity of engineered bone constructs.  
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Figure captions: 

Figure. 1. SEM micrograph of the nanocomposite scaffold at (A) low and (B) higher 

magnification. (C) MTT assay of ECs treated with nanocomposite scaffolds after 72 h. No 

significant differences were observed between the test and control (untreated cells with 

culture media only) group. (D-E) SEM images of endothelial cells seeded on the 

nanocomposite scaffold. The cells were found to adhere to and spread on scaffold surfaces.  

(F) DAPI staining of ECs cultured on scaffolds after 48 h.  
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Figure. 2. Histological analysis of the cranial bone defect sections in different groups with 

(A1-C2) H&E staining and (A3-C3) Masson’s Trichrome staining after 1-week post-

implantation. HB: host bone, CT: Connective tissue, S: Scaffold, COL: Collagen fibers.  

Figure. 3. Histological evaluation of cranial bone defect sections at 4 weeks post-surgery. 

(A1-C2) H&E staining of bone formation in defect areas. Both treated groups allowed bone 

in-growth, but the ECs loaded scaffolds exhibited faster and more effective osteogenesis at 

the defect sites. (A3-C3) Masson’s Trichrome showing the formation of blood vessels (V) in 

red and deposition of collagen in blue surrounding the blood vessels. HB: Host bone, NB: 

New bone S: Scaffold, COL: Collagen fibers, V: Vessel- like structures, W: Woven bone. 

Figure. 4. Histological evaluation of calvarial defects at 12 weeks post transplantation. (A1-

C2): H&E staining shows enhanced formation of woven bone in the implantation site. Bone 

tissue filled the areas grafted with cell-seeded constructs. (A3-C3): Masson’s Trichrome 

staining of collagen synthesis and vessel- like structures. HB: Host bone, NB: New bone, CT: 

Connective tissue, S: Scaffold, COL: Collagen fibers, V: Vessel- like structures, W: Woven 

bone. 

Figure. 5. Immunohistochemical staining for Col I, OCN, CD31 at 12 weeks post 

transplantation. (A1-C1) Immunohistochemical staining for collagen type I which 

significantly increased in defects with cell-seeded scaffolds compared to other defects. (A2-

C2): Immunohistochemical staining against osteocalcin produced by osteoblasts which were 

stained in green color (arrows), Nuclei were counterstained with DAPI. (A3-C3) a positive 

reaction for CD31 was detectable in all constructs 12 weeks after implantation, but marked 

differences in vascular density were observed in ECs loaded constructs.  

Figure. 6. Histomorphometrical analysis of the new bone regeneration at 1, 4 and 12 weeks 

after implantation The percentage of new bone area (%) was expressed as the ratio of the 

neoformative bone area to the original total defect area (*p< 0.05, **p< 0.01, ***p < 0.001).  

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 




