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Abstract. The tissue engineering approach for periodontal tissue regeneration using a combination 
of stem cells and scaffold has been vastly developed. Mesenchymal Stem Cells (MSCs) seeded with 
Bovine Teeth Scaffold (BTSc) can repair alveolar bone damage in periodontitis cases. The alveolar 
bone regeneration process was analyzed by micro-computed tomography (µ-CT) to observe the 
structure of bone growth and to visualize the scaffold in 3-Dimensional (3D).  The purpose of this 
study is to analyze alveolar bone regeneration by µ-CT following the combination of MSCs and 
bovine teeth scaffold (MSCs-BTSc) implantation in the Wistar rat periodontitis model. Methods. 
MSCs were cultured from adipose-derived mesenchymal stem cells of rats. BTSc was taken from 
bovine teeth and freeze-dried with a particle size of 150-355 µm. MSCs were seeded on BTSc for 24 
hours and transplanted in a rat model of periodontitis. Thirty-five Wistar rats were made as 
periodontitis models with LPS induction from P. gingivalis injected to the buccal section of 
interproximal gingiva between the first and the second mandibular right-molar teeth for six weeks. 
There were seven groups (control group, BTSc group on day 7,  BTSc group on day 14, BTSc group 
on day 28, MSCs-BTSc group on day 7, MSCs-BTSc group on day 14, MSCs-BTSc group on day 
28). The mandibular alveolar bone was analyzed and visualized in 3D with µ-CT to observe any new 
bone growth. Statistical Analysis. Group data were subjected to the Kruskal Wallis test followed by 
the Mann-Whitney (p <0.05). The µ-CT qualitative analysis shows a fibrous structure, which 
indicates the existence of new bone regeneration. Quantitative analysis of the periodontitis model 
showed a significant difference between the control model and the model with the alveolar bone 
resorption (p <0.05). The bone volume and density measurements revealed that the MSCs-BTSc 
group on day 28 formed new bone compared to other groups (p <0.05). Administration of MSCs-
BTSc combination has the potential to form new alveolar bone. 
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Introduction 
In Indonesia, periodontal disease is a dental and oral health problem often experienced by people 

in all age groups [1, 2]. Periodontal disease is a chronic inflammatory disease that damages the tissues 
and structures around the teeth, including the gingiva, cementum, periodontal ligaments, and alveolar 
bone. The alveolar bone supports the tooth socket (alveoli) and assists the movement of teeth while 
helping distribute occlusal forces and supplies nutrients to the periodontal ligament; if alveolar bone 
resorption occurs, it will cause tooth decay and tooth loss. A particular way to treat such an issue is 
by using a tissue engineering approach [3–5]. 

 
Tissue engineering involves mesenchymal stem cells, natural and synthetic scaffolds, and growth 

factors. MSCs are considered suitable candidates for tissue engineering techniques because MSCs 
can proliferate and differentiate into several organs' cells [6–8]. The MSCs, combined with the 
scaffold, can induce the desired tissue formation, causing cell growth in the surrounding area. Ideally, 
the scaffold should be biocompatible, biodegradable, and non-toxic. Scaffold from bovine teeth is the 
most widely used replacement material for human teeth and is currently researched in dentistry  [9–
11]. Research from Sari states that the combination of MSCs and BTSc has osteogenic capability and 
is non-toxic [12].      

 
Currently, micro-CT for tissue engineering evaluation is rapidly evolving, whether in vitro, in vivo, 

and ex vivo research. Micro-CT alone cannot completely replace conventional approaches, SEM, or 
histological examination but may offer significant benefits regarding the non-destructive procedures 
and direct 3D model structural analysis [13–15]. 

 
The micro-CT analysis results on the mandible of Wistar rats showed a morphological picture of 

alveolar bone resorption, in which there was a decrease of the bone margin in an apical direction [16]. 
This study analyzed alveolar bone regeneration by micro-CT after combining MSCs and bovine teeth 
scaffold (MSCs-BTSc) in vivo. 

Materials and Methods 
This research has received approval from the Animal Care and Use Committee from the Faculty 

of Veterinary Medicine, Airlangga University, Number.637-KE.  
Scaffold Characterization 

The process of making powder is carried out by inserting cow teeth into a bone miller and crushed 
so that they come out as particles, then filtered according to the desired size. Before storage, the 
proteins contained in the teeth were frozen (Freeze-dried = lyophilized) in dry condition (sublimation) 
in the form of particles. Particles were made in the size of 150-355 µm and sterilized in The National 
Nuclear Energy Agency of Indonesia (BATAN, Jakarta, Indonesia). Scanning Electron Microscopy 
(SEM) of bovine teeth particle shape was performed with the magnification of 1500× (FK UA 
Electron Microscope Lab). Micro-computed tomography (μ-CT) imaging and analysis were 
performed on the particle [12, 17]. 
Cell Culture and Scaffold Seeding  

MSCs from the rat's adipose tissue were extracted retroperitoneally. Then cultured MSCs with 
alpha-modified Minimum-essential Eagle Medium (αMEM) plus 15% Fetal Bovine Serum (FBS), 2 
mM L-glutamine and 100 IU/mL penicillin, 100 mg/mL streptomycin, 2.5 µg/mL fungizone, 
incubated at 37°C with 5% CO2 content, and passaged 4-5 times. Bovine teeth scaffolds were 
immersed in αMEM medium for 24 hours; the medium was removed and replaced with a new 
medium. After one day, 5 mg of bovine teeth scaffold was put in 96 culture wells and added with a 
medium suspension containing 2x 106 and incubated for 1 hour at 37°C and 5% CO2.  Samples were 
fixed with 4% paraformaldehyde phosphate buffer and 2% osmic acid. After dehydration with water-
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ethanol and ethanolisoarnyl acetate solution, the sample was dried with a lyophilizer and then 
observed with an SEM (Mag.5000, 20.000 kV, WD 10.0 mm, University of Airlangga)  [12, 18]. 
Periodontitis Model   

Thirty-five mice were modeled for periodontitis by induction of LPS from P. gingivalis, which 
was injected into the buccal section of interproximal gingiva between the first and second mandibular 
right-molar teeth. Then we gave each experimental animal LPS from P.gingivalis with a volume of 
10 µl and a concentration of 0.5 mg/ml. These models were then analyzed by means of µ-CT imaging 
technique [19, 20]. 
Transplant MSCs-BTSc on Periodontitis model  

The MSCs-BTSc composite was inserted into the periodontal pocket of the mice. There were seven 
groups of Wistar rats, namely the control group, the periodontitis model group and the 7th day BTSc, 
the periodontitis model group and the 14th-day BTSc, the periodontitis model group and given the 
28th-day BTSc, the periodontitis model group, and given MSCs-BTSc day 7, the periodontitis model 
group and given MSCs-BTSc on day 14, the periodontitis model group and given MSCs-BTSc on 
day 28. The experimental animals were sacrificed on the 7th, 14th, and 28th day and analyzed by µ-
CT. 
Micro-CT (Micro-Computed Tomography) Analysis 

The scanning of the samples was performed using a high-resolution µCT scanner (SkyScan 1173; 
Bruker-microCT, Köntich, Belgium), which has an X-Ray source energy of 40-130 kV, which is 
suitable for scanning the scaffold and the teeth samples. The device produces a microstructural 3D 
image of the samples by means of X-Ray attenuation. While a minimum of 180° scan rotation is 
required to produce 3D tomography images, SkyScan 1173 employs a minimum rotation of 240° with 
an adjustable rotation step according to the selected image resolution. The quality of the raw 
projection images can be selected accordingly with three available options: high-quality mode (5 to 
35 μm spatial resolution), the medium quality mode (10 to 70 μm spatial resolution), and the standard 
quality mode (20 to 140 μm spatial resolution).  The three sets of samples were scanned with the 
parameters in such a way as to produce a decent contrast ratio and low noise of projection images 
(see Table 1) [16, 21]. 

  

A reconstruction by the NRecon v.1.7.3.1 (Bruker-microCT, Köntich, Belgium) software then 
follows the scanning process to produce a 3D grayscale image. The Feldkamp back-projection 
algorithm is implemented in the GPU-based kernel reconstruction using GPUReconServer v.1.7.3.1 
(Bruker-microCT, Köntich, Belgium), which is preferred due to its capability of using the GPU cores 
to accelerate the reconstruction process. The NRecon software can also compensate several artifacts 
such as misalignment, ring artifact, and beam hardening effect to improve the quality of the produced 
3D structure of the samples [22, 23]. 
 

Post reconstruction, a greyscale 3D image is obtained as a series of trans-axial (x-y plane) 2D 
images where the grayscale level is correlated with the sample's density. Bright areas indicate denser 
parts of the sample, while darker areas indicate the lower ones. Qualitative analysis can be done by 
visual inspection using DataViewer, which can visualize the sample in ortho-slice view. DataViewer 
can also be used to perform sample reorientation to produce aligned 3D images, in addition to color-
coding, Volume of Interest (VOI) selection, and image registration in 2D and 3D. A more thorough 
inspection can be done using 3D visual, which was done using CTVox v.3.3 (Bruker-microCT, 
Köntich, Belgium). Several 3D manipulations such as 3D rotation, object slicing, cropping, and 
clipping can be done without altering the original dataset. The contrast and brightness of the 3D visual 
can also be adjusted to inspect and isolate specific sample compositions of different densities [24, 
25]. 
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Table 1. Scanning parameters for the three sets of samples 
 

Parameter 
Value 

Bovine teeth  
scaffold 

Periodontitis 
model 

Transplanted  
samples 

Energy [kV] 40 60 60 
Current [μA] 130 106 106 
Exposure time [ms] 500 250 250 
Filter type Al 1.0 mm Al 1.0 mm Al 1.0 mm 
Rotation step [°] 0.2 0.2 0.2 
Camera binning 1×1 2×2 2×2 
Dimension of proj. image 2240×2240 1120×1120 1120×1120 
Raw image res. [μm/pixel] 5.70 19.95 19.95 

 
The Micro-CT imaging technique provides the ability to analyze a sample without physically 

altering the sample through image processing and analysis. Two necessary image processing needs 
to be conducted firstly, i.e., defining a Volume of Interest (VOI) for the 3D analysis and the structure 
segmentation (through thresholding) to differentiate the object of interest and the background (or 
often referred to as void). Numerous automated (objective, algorithm-based) thresholding methods 
are available in CTAn (CT Analyser) software v.1.20.8.0+ (Bruker-microCT, Köntich, Belgium). 
However, due to the complexity of the observed samples, manual threshold selection was used for 
consistency. Afterward, measurements of several characteristics of the sample can be done by means 
of image analysis. Table 2 shows the relevant measured morphometric parameters that were 
calculated in this study using CTAn, i.e., the Object Volume and the Structure Thickness (for particle 
size analysis). The nomenclature used in this research is based on the American Society for Bone and 
Mineral Research (ASBMR). Other than these parameters, the periodontitis model's relative density 
and the transplanted samples were analyzed using the mean Grayscale Index (GS.Idx) inside the 
defined VOI [15, 26]. 
 

Table 2. Some typically calculated morphometric parameters for life-science-related samples 
 

Parameter name, symbol, and unit 
Brief description General  

Scientific  
Bone  

ASBMR 

Object volume, 
Obj.V, mm3 

Bone volume, 
BV, mm3 

The total volume of binarised objects within the VOI, 
measured based on the marching cubes volume 
model of the binarised objects within the VOI.  

Structure  
Thickness, St.Th, 
mm 

Trabecular 
Thickness, Tb.Th,  
mm 

A measurement of the solid structure's thickness 
based on the maximum sphere from the medial axis.   

Statistical Analysis 
Data analysis was performed using descriptive statistics. The data were analyzed using the kruskal 

wallis test and followed by Mann-Whitney (p<0,05). 

Result and Discussion 
The scanning process produces a series of raw projection images in 16-bit TIFF image format. 

Subsequently, the raw projection images were then reconstructed to produce 8-bit grayscale BMP 
images. The 2D, ortho-slice, and 3D images of the bovine teeth scaffold are displayed in Figure 1. 
Figure 1.a. shows the results from the reconstruction process, visualized by DataViewer v.1.5.6.2. 
(Bruker-microCT, Köntich, Belgium) as trans-axial, coronal, sagittal, and ortho-slice (Figure 1.b.). The 
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grayscale level can be visually enhanced by applying a colormap that describes the relative density 
of the materials composing the sample: greenish areas indicate the denser object, and purple-ish is 
the opposite. Three-dimensional volume rendering in Figure 1.c. is generated using CTVox shows a 
visual of the heterogeneous-shaped particles. Further analysis from the µ-CT image of the bovine 
teeth scaffold reveals particles' formation (grain-like structure) which is interwoven by a fibrous-like 
structure. Individual particle analysis of the grain-like structure shows a particle size distribution in 
the range of 5-360 µm (Figure 1.d.) with a mean particle size of 151 µm.  
 

 
Figure 1. Images of bovine teeth scaffold (a) 2D slices (grayscale and color-enhanced) (b) ortho-

slice view (c) 3D view (d) Particle size distribution 
 

The size of the bovine teeth scaffold in this study was 150-355 μm. The MSCs were seeded on 
scaffolds with pore sizes ranging from 200 - 750 μm.  This size is recommended because resorption 
takes a long time if the particle size is too large, and particles are resorbed before they can serve as a 
graft material if the size is too small. The particle size of the graft material affects bone formation. 
However, several animal studies have shown that bovine teeth scaffolds are biocompatible and 
osteoinductive  [27–29]. Previous studies stated that collagen combined with demineralized bone 
powder with a particle size of 250-500 μm is suitable for osteoblast differentiation environments and 
has the potential for bone tissue engineering [30]. 

Ceramic scaffolds with pore sizes of 200 μm and 500 μm have a relatively higher ability of 
osteogenic differentiation, whereas scaffolds with pores of 380–405 μm have a more increased 
osteoblast proliferation, while those in the range of 186–200 μm are more suitable for fibroblast 
proliferation [13, 15].  
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Figure 2. The result of MSCs seeding into the bovine teeth scaffold for 24 hours, marked with a red 

circle (Mag.5000×) 
SEM results showed that the number of cells attached to the bovine teeth' scaffold surface 

increased after 24 hours of seeding compared to 1 hour and 12 hours (unpublished data). Cell 
proliferation results indicate that the bovine teeth scaffold is suitable for the cell environment and 
supports cell growth and cell proliferation, and differentiation [18, 31]. Yamanaka et al. (2015) 
research results that MSCs were fed into HAP / PLGA blocks for 12 hours, and high seeding 
efficiency results (up to 90%) could be achieved for a short time of 12 hours [32]. SEM analysis 
shows that a formation has appeared on the surface of the bovine teeth scaffold with a diameter of 
4,864 μm, which indicates exposed dentinal tubules, thus providing a channel for releasing proteins, 
growth factors, and cell adhesions [33].  

 
This study used Wistar rats made a periodontitis model by induction of LPS P.gingivalis 3 times 

a week for six weeks. µ-CT was utilized for this in-vivo evaluation of alveolar bone resorption. The 
μ-CT analysis revealed the mean alveolar damage induced by LPS of P.gingivalis. The result of 
P.gingivalis LPS induction showed alveolar bone resorption up to 1/3 apical (Fig 3) [34].  
 

 
 

Figure 3. µ-CT imaging in the treated mice (the arrow indicates the cementoenamel junction (CEJ) 
and alveolar bone crest (ABC)) 
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On the 7th, 14th and the 28th days, each specimen from the BTSc and the MSCs-BTSc composite 
were scanned using the µ-CT to analyze new tissue formation. A VOI was selected over the area, 
which shows new tissue formation, indicated by a distinctive structure, i.e., porous and fibrous-like. 
The new tissue structure has a particular density compared to the surrounding structure, which was 
indicated by a distinctive color range when visualized in CTAn. Figure 4 shows the 3D visuals of the 
samples where the red structures are the newly formed tissues. The further calculation of the structural 
quantities (the volume and bone density) is shown in Table 1. Bone density is expressed in the 
Grayscale Index (GS.Idx), representing relative density. GS.Idx has a value range of 0-255, where 0 
represents the lowest density (air), and 255 represents the highest density (equivalent to compact 
bone) [35, 36]. 
 

Table 3. Bone volume and density measurement result in each transplant treatment 
   *significant (p<0.05) **significant (p<0.05) 

No Sample Volume [Mm3] Bone Density 
1 BTSc transplant, day 7 not observed 

 

2 MSCs-BTSc composite transplant, day 7 not observed 
 

3 BTSc transplant, day 14 0.476 130.563 
4 MSCs-BTSc composite transplant, day 14 0.604 133.723 
5 BTSc transplant, day 28 1.945 142.378 
6 MSCs-BTSc composite transplant, day -28 1.969* 144.158** 

 
From Table 3, it can be observed that the alveolar bone volume was more significant in the 

MSCs-BTSc composite group than the control group, the treatment group, and the BTSc group alone. 
Bone density was also denser in the treated group with MSCs-BTSc composite than the other groups. 
MSCs have begun to differentiate towards osteogenic on the first day, then on the 7th and 11th day, 
Alkaline phosphatase activity increases five times in bone formation in vivo [37]. Administration of 
BTSc on day 28 showed an effect on alveolar bone regeneration. The results of the µ-CT analysis 
showed that there was new bone growth on the 28th day after administering MSCs-BTSc. 

 
Giving bovine teeth scaffold in vivo can improve osteoconduction and osteoinduction functions 

facilitating endogenous osteoprogenitor cells to migrate, proliferate, adhesion, differentiate and 
regenerate new bone [38]. Research with µ-CT analysis also showed that at eight weeks, there was a 
new bone formation by administering tooth grafts on the iliac bone [39]. 

 
Previous studies demonstrated the combination of Periodontal Ligament Stem Cells (PDLSCs) 

from mice with Platelet-Rich Fibrin (PRF) transplanted into alveolar bone defects of the buccal 
section of mandibular first molars of rats using burs. After the 12th and 24th days after the transplant, 
the µ-CT examination showed a new periodontal ligament formation. There were new cementum and 
alveolar bone on the 24th day compared to control and treatment using PRF alone [40]. A study by 
Akita et al., 2016 showed the µ-CT examination on the formation of new hard tissue in alveolar bone 
defects in mice after being transplanted with composite Adipose-Derived Mesenchymal Stem Cells 
(ADMSCs) and scaffold Poly d, L-lactic-co-Glycolic Acid (PLGA) at week 14 [41]. 

 
Interestingly, cortical bone tissue was formed in the outer layer after 28 days in the combined 

Dedifferentiation Fat cells (DFAT cells) and PLGA scaffold groups. The formation of new hard tissue 
from the mesial to the distal cortical bone in the DFAT/PLGA group happened after the 35th day. 
There was a translucent image between tooth roots and new hard tissue in all groups on the 35th day 
[41].  
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Figure 4. Micro-CT 3D visualizations of alveolar bone defect (A) Transplantation of BTSc day 7, 

(B) Transplantation of MSCs-BTSc day 7, (C) Transplantation of BTSc day 14, (D) Transplantation 
of MSCs-BTSc of day 14, (E) Transplantation of BTSc day 28, (F) Transplantation of MSCs-BTSc 

day 28 
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Conclusion  
MSCs-BTSc composite with BTSc particle size of 150-355 µm has the potential to aid the growth of 
woven bone and the regeneration of alveolar bone on the 28th day in the periodontitis modeled rat. 
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