
ISSN: 2663-2187 
Astrid Bernadette Ulina Purba / Afr.J.Bio.Sc. 6(9) (2024) 

 

https://doi.org/ 10.48047/AFJBS.6.9.2024.5268-5284 
 

 

Comparison of Non-Decellularized, Decellularized Freeze-Dried Bovine 

Bone, and Deproteinized Bovine Bone Material Morphology 

Astrid Bernadette Ulina Purba1, Ni Putu Mira Sumarta2, RM Coen Pramono 

Danudiningrat3, Andra Rizqiawan4, M Subhan Amir5, Devi Rianti6, David Buntoro 

Kamadjaja7
 

 
1Resident, Department of Oral and Maxillofacial Surgery, Faculty of Dental Medicine, 

Universitas Airlangga /Universitas Airlangga Dental Hospital, Surabaya, Indonesia 
2,3,4,5,7Staff, Department of Oral and Maxillofacial Surgery, Faculty of Dental Medicine, 

Universitas Airlangga / Universitas Airlangga Dental Hospital, Surabaya, Indonesia 
6Staff, Dental Material Department, Faculty of Dental Medicine, Universitas Airlangga, 

Surabaya, Indonesia 

Emails: 7david-b-k@fkg.unair.ac.id 

 

 
Article Info 

 

Volume 6,Issue 9, 2024 

Received: 26-04-2024 

Accepted : 29-05-2024 

doi: 10.48047/AFJBS.6.9.2024.5268-5284 

ABSTRACT 

 

Background: Cancellous bovine bone scaffold, as a temporary 3-D framework, initiates 

human extracellular matrix morphology with a porosity of 50-90%, pore size of 100- 

1000 μm, and is heterogeneous and anisotropic. Researchers have developed various 

conventional techniques to form better morphology. The Cell and Tissue Bank of 

RSUD Dr. Soetomo developed Deproteinized Bovine Bone Material (DBBM) from 

local bovine bone by thermal deproteinization, heated to 1000°C, leaving only 

inorganic components that are hard to degrade. Freeze-Dried Bovine Bone (FDBB) is 

produced through lyophilization, retaining organic components that are potentially 

immunogenic, thus requiring further decellularization (DC-FDBB) using Sodium 

Dodecyl Sulphate (SDS) to remove these components and increase porosity, while still 

maintaining extracellular matrix structure. Previous studies have not presented 

complete data on the morphology of these materials. 

Aim: The study aims to compare the morphology of FDBB, DC-FDBB, and DBBM 

scaffolds. 

Material and Methods: Five cube-shaped of FDBB, DC-FDBB, and DBBM group were 

observed for porosity, pore size, trabecular thickness, number of trabeculae, degree of 

anisotropy, connectivity density, bone surface density, and structure model index using 

Micro CT. Comparative analysis using ANOVA test was subsequently carried out to 

evaluate the differences in these variables among the groups. 

Results: FDBB and DBBM differed significantly in porosity (p = 0.002), pore size (p = 

0.004), degree of anisotropy (p = 0.008), and structure model index (p = 0.008) with 

Post Hoc Tukey HSD. FDBB and DC-FDBB significantly differed in porosity only (p 

= 0.031). DC-FDBB and DBBM significantly differed in connectivity density (p = 

0.020) and structure model index (p = 0.002). 

Conclusion: The most ideal microarchitecture morphology were DBBM and the least 

were DC-FDBB. 

Keywords: The most ideal microarchitecture morphology were DBBM and the least 

were DC-FDBB. 
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1. Introduction 

 

Extensive bone defects due to trauma, tumors, and congenital diseases provide 

challenges for maxillofacial surgeons in performing reconstruction need tissue engineering 

(Nelms & Palmer, 2019). Researchers developed scaffolds with different biomaterials such as 

bovine with similar structure to extracellular bone matrix and different conventional 

techniques to form better architectural morphology 3D scaffold through heating, freeze 

drying, and decellularization (Bagwan et al., 2021). The 3D scaffold matrix provides a 

physical environment that guides cell colonization in all directions, offering a spatiotemporal 

configuration similar to in vivo conditions. This environment can affect cell morphology, 

alignment, orientation, multicellular organization, cell spreading, and attachment (Cheung et 

al., 2007; Lawrence & Madihally, 2008); with minimum pore size 100μm, 200-500μm for 

capillary formation, and 100-1000μm for bone growth (Sari et al., 2021); porosity of 55-70% 

for growth into blood vessels, porous with interconnected network to allow diffusion of 

nutrient, exchange of oxygen, and disposal metabolic wastes; provide sufficient mechanical 

strength, biocompatible, bioresorbable, and biodegradable scaffold (Lawrence & Madihally, 

2008). 

An ideal bovine cancellous bone scaffold should have a morphology similar to human 

cancellous bone with porosity of 50-90%, highly heterogeneous, and anisotropic (Oftadeh et 

al., 2015). The microarchitecture morphology cancellous bovine bone is very complex, 

including porosity of 45,5-72,70%, pore size of 0,458mm±0,115mm, trabecular thickness of 

0,243±0,027mm, anisotropy degree of 0,599±0,139, connectivity density of 4,588±2,053, and 

structural model index of 0,631±0,652 (Ashworth et al., 2014; Fatihhi et al., 2015). Higher 

porosity and pore interconnectivity could lead to increases the overall surface area for cell 

attachment and facilitates cell ingrowth in the scaffolds. Pore size of microporous scaffolds 

increases the number of pore within scaffold. Trabecular matrix thickness, orientation, and 

shape must be evaluated mimic in vivo condition and produce more matrix extracellular 

(Lawrence & Madihally, 2008). 

Cell and tissue bank of RSUD Dr. Soetomo developed Deproteinized Bovine Bone 

Material (DBBM) from local bovine bone by thermal deproteinization heated to 1000°C, has 

a pore size of 200-500μm with 35x SEM magnification, leaving only inorganic components, 

with good pore interconnectivity, affordable processing fee and a good quality resembling 

foreign made materials (Ferdiansyah Mahyudin & Utomo, 2018; Kamadjaja et al., 2017). It 

has a chemical composition and architectural geometry that is almost identical to human bone 

(osteoconductive), more acceptable to the host body because it reduces antigenic factors, but 

difficult to degrade, causing development of FDBB (Kartikasari et al., 2016; Lei et al., 2015). 

Freeze Dried Bovine Bone (FDBB) has gone through frozen and dried or lyophilized to 

maintain the physical and chemical structure also suppressing excessive antigen reactions that 

can occur. It contains organic and inorganic components therefore it could be completely 

absorbed by the body, and it is able to support bone regeneration (Humidat et al., 2018). It 

needed free antigenic potential thus requiring further decellularization (DC-FDBB) using 

Sodium Dodecyl Sulphate (SDS) which is expected to remove residual cells, DNA, alpha gal 

epitope, increase porosity bovine cartilage, but still maintain extracellular matrix structure 

with a wide area and sufficient space between the bone structure thus maximizing 

decellularization process (Cravedi et al., 2017; Gardin et al., 2015). DBBM, FDBB and DC- 

FDBB cancellous bovine bone scaffold were used in this study are development materials in 

Surabaya that never been subjected to complete morphological test. 

Morphological analysis of cancellous bovine bone scaffold with micro-CT is the gold 

standard, providing quantitative and qualitative analysis informations, as well as visualization 

of geometry by converting 2D cross sectional files into intact 3D (Bigham-Sadegh & Oryan, 

2015). Previous studies have not presented complete data on morphology of FDBB, DC- 
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FDBB, and DBBM, thus the researcher conducted this research. 

 

2. Methodology 

 

This observational laboratory study was to compare the morphology of bovine-derived 

scaffolds processed in different ways i.e. freeze-drying (FDBB), decellularization (DC- 

FDBB), and deproteinization (DBBM). This research has received ethical approval issued by 

the ethics committee of the Faculty of Dental Medicine, Universitas Airlangga numbered 

455/HRECC.FODM/VII/2022. 

 

Scaffolds Preparation 
 

Figure 1. Cancelous bovine bone scaffolds 10x10x10mm: DBBM scaffold (a), FDBB 

scaffold (b), and DC-FDBB scaffold (c) 

The samples were processed in the Cell and Tissue Bank, Dr. Soetomo Surabaya from 

cancellous bovine femur bone in the form of cubes of 10x10x10mm (Figure 1). These 

scaffolds were manufactured according to the following protocol: 

The first step of FDBB scaffold production began with taking several pieces of 

cancellous bone in the bovine femur region in the form of blocks with the maximum size that 

could be obtained. The bones were soaked in a 3% hydrogen peroxide solution to remove 

any residual blood, fat, and bone marrow rinsed with sterile distilled water to clean the 

remaining peroxide solution. After washing, the bovine bones were dried by freeze-drying 

method at -80°C and dried with a lyophilizer until the moisture content was below 10%. 

The decellularization method FDBB (DC-FDBB) was with Sodium Dodecyl Sulfate 

(SDS). The samples were stored at 4°C and then rinsed with phosphate buffer saline (PBS) 

solution before SDS was administered with a concentration of 0.5% for 1 hour. Samples were 

rinsed with sterile distilled water and PBS, scaffolds were placed on a stirrer and rinsed with 

a solution containing chloroform and ethanol, with an initial ratio of 2:1 for 24 hours. 

Followed by freeze drying, which is cooling at -80°C and dried with lyophilizer until the 

water content was below 10%. 

The DBBM manufacturing process began by taking pieces of cancellous bone in the 

bovine region in the form of blocks with the maximum size that can be obtained. The bones 

were washed with hydrogen peroxide and 0.9% NaCl to remove the remnants of fat. The 

deproteination process was carried out by burning samples at temperature of 1000°C, rinsed 

with sterile distilled water. The scaffold was dried in the oven at a temperature of 100°C. The 
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next step was packing or wrapping the scaffold in two layers, tightly sealed and sent for 

sterilization using gamma ray radiation. 

 

Scaffold Examination 

The sample examination was carried out at the Medical Devices and Technology 

Center (MEDITEC) Institute of Human Center and Engineering (iHumEn) University 

Technology Malaysia (UTM), Skudai, Johor, Malaysia with Micro CT 1272 Skyscan. 

Scaffold was scanned dry with image pixel size (spatial resolution) 17,2μm, voltage source 

100kV, current source 100μA, Al filter 0,5mm, autonomic segmentation is performed to 

distinguish which part is pore (black) and which part is trabecular (white), also known as 

binary thresholding, in principle determine the dividing limit on the image data set with a 

grayscale value between 0-255 (8-bit image). Scan time was approximately 4 hours for each 

sample with 980 scan slices, 3D sample built with Finite element simulation, using 3 scans, 

the upper scan was taken at 40th slice, the middle scan was taken at 400th slice, and the lower 

scan was taken at 800th slice. The morphology of scaffold revealed that the lighter color 

projected a larger pore size (black = 0; white 808,81-843,23μm) and thicker pore (black = 0; 

white = 430,22- 464,64μm). 

Analysis of scaffold structure includes pore size, trabecular spacing, trabecular 

thickness, trabecular number in all specimens was performed in 3D using a sphere-fitting 

algorithm, and analysis of porosity, degree of anisotropy, connectivity density, bone surface 

density, structure model index was performed using CT-An (Bruker) software. Data 

collection were carried out at the Laboratory of Rock Physics FMIPA Institute Technology 

Bandung, while data processing and compilation of results performed Faculty of Dental 

Medicine, Universitas Airlangga Surabaya, Indonesia. 

Statistical Analysis 

Statistical analysis was performed using IBM SPSS version 25. Shapiro-wilk 

distribution normality test, Levene's homogeneity test, one-way ANOVA followed by Post 

Hoc Tukey HSD were carried out to determine the differences among groups. 

3. Results and Discussion 

Results 

The result 3D morphology of FDBB scaffold revealed that trabecular thickness of 

FDBB is sufficiently high, the pore size slightly large, and is interconnected with each other 

on all sides. The trabecular thickness of the lower scan FDBB scaffold was larger than the 

upper and middle scan, marked by yellow and white color domination, on the other hand the 

pore size shrunk (Figure 2). Trabecular thickness of DC-FDBB was relatively low, with large 

pore size, and was interconnected with each other on all sides. The trabecular thickness of the 

upper, middle, and lower scan DC-FDBB scaffold was thinner, marked by blue and purple 

color domination, heterogenous in form, trabecular arrangement is irregular and damaged, on 

the other hand towards the lower scan, the pore size was enlarged (Figure 3). 
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Figure 2. FDBB 3D scaffold morphology with micro CT ; Pore size upper scan (A1); middle 

scan (B1); lower scan (C1); trabecular thickness upper scan (A2); middle scan (B2); lower 

scan (C2) 
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Figure 3. DC-FDBB 3D scaffold morphology with micro CT; Pore size upper scan (A1); 

middle scan (B1); lower scan (C1); trabecular thickness upper scan (A2); middle scan (B2); 

lower scan (C2) 

 

The trabecular thickness of DBBM was relatively low, had larger pore size, and was 

interconnected with each other on all sides. The pore size of the upper, middle, and lower 

scan DBBM scaffold was larger in size, marked by yellow and orange domination, 

heterogenous in form, trabecular arrangement was regular relatively and trabecular thickness 

was relatively thin but not damaged (Figure 4). 

DC-FDBB 
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Figure 4. DBBM 3D scaffold morphology with micro-CT; Pore size upper scan (A1); middle 

The results of calculation mean, standard deviation and Post hoc Tukey of morphology 

component (porosity, pore size, degree of anisotropy, structure model index, connectivity 

density) FDBB, DC-FDBB, and DBBM can be seen in figure 5 and table 1. 
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Figure 5. Mean, standard deviation, and Post Hoc Tukey HSD Morphology Component: 5.1 

Porosity graphics; 5.2 Pore size graphics; 5.3 Trabecular thickeness graphics; 5.4 Trabecular 

number graphics; 5.5 degree of anisotrophy graphics; 5.6 Connectivity density graphics; 5.7 

bone surface density graphics; 5.8 Structure model index graphics; 

 

Table 1. Calculation Result of Morphology Component and statistical analysis of Scaffold 

FDBB,DCFDBB, and DBBM 

Morphology 

Component 
N 

Scaffold 

type 
Mean 

Standart 

deviation 

Saphiro- 

Wilk test 

Levene 

test 

One Way 

ANOVA 
test 

Standard 

 
5 FDBB 

62,310 
2,111% 0,522* 

  50-90% 
 %   (Ashworth et al., 

Porosity 
5 

DC- 

FDBB 

66,712 
% 

3,192% 
0,980* 

0,307* 0,002** 
2014) 
45,5-72,70% 

 
5 DBBM 

69,194 

% 
1,447% 0,367* 

  (Ferdiansyah 
Mahyudin & 

Utomo, 2018) 
        91,2-497,8μm 
        (Fernandez de 
        Grado et al., 
        2018) 

 

Pore size 

(Tb.Sp) 

5 FDBB 
412 

μm 
12 μm 0,992* 

 

 

0,109* 

 

 

0,006** 

200-500 μm 

(Bouxsein et al., 

2010) 
300-500 μm 

        (Migliaresi & 
        Motta, 2014) 
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2019) 

5.8) Structure Model Index 
0.700 

* 
0.600 

0.500 

0.400 

0.300 

0.200 

FDBB 

DC-FDBB 

DBBM 

0.100 

0.000 

Scaffold 

S
tr

u
ct

u
re

 M
o

d
el

 I
n

d
ex

 



Astrid Bernadette Ulina Purba / Afr.J.Bio.Sc. 6(9) (2024) 

Page 5277 of 17 

 

 

        200-500 μm 

(Bouxsein et al., 

2010) 
300-500 μm 

(Migliaresi & 

Motta, 2014) 

 

 

5 

 

 

DBBM 

 

 

511μm 

 

 

58μm 

 

 

0,843* 

200-500 μm 

(Kamadjaja et al., 

2017) 
300-500 μm 

(Migliaresi & 

Motta, 2014) 

 

 

Trabecular 

Thickness 

(Tb.Th) 

5 FDBB 200μm 21 μm 0,996*  

 

 

0,529* 

 

 

 

0,613 

 
243±27 μm 

(Ferdiansyah 

Mahyudin & 

Utomo, 2018) 

5 
DC- 

FDBB 
194μm 17 μm 0,918* 

 

5 

 

DBBM 

 

186 

μm 

 

25 μm 

 

0,308* 

Trabecular 

number 

(Tb.N) 

5 FDBB 1,896 0,110 0,600* 

 

0,539* 

 

0,173 

1,66±0,13 

mm-1 

(Cahyaningrum et 

al., 2018) 

5 
DC- 

FDBB 
1,709 0,211 0,172* 

5 DBBM 1,679 0,212 0,732* 

 

Degree of 

anisotropy 

5 FDBB 0,392 0,059 0,378* 
 

0,230* 

 

0,010** 

0,599±0,139 
(Ferdiansyah 

Mahyudin & 

Utomo, 2018) 

5 
DC- 

FDBB 
0,459 0,034 0,685* 

5 DBBM 0,519 0,064 0,097* 

Connectivity 

Density 

(Conn.D) 

5 FDBB 11,682 1,454 0,922* 
 

0,524* 

 

0,018** 

4,588±2,053 mm-3 

(Ferdiansyah 

Mahyudin & 
Utomo, 2018) 

5 
DC- 

FDBB 
11,076 0,034 0,296* 

5 DBBM 9,301 0,059 0,212* 

Bone Surface 

Density 

(BSD) 

5 FDBB 5,936 0,370 0,948* 

 

0,071* 

 

0,356 

0,201±0,022 

mm2/ 

mm3 (Ferdiansyah 

Mahyudin & 
Utomo, 2018) 

5 
DC- 

FDBB 
5,633 0,543 0,144* 

5 DBBM 5,407 0,727 0,216* 

 

 

 

Structure 

Model Index 

(SMI) 

5 FDBB 0,438 0,143 0,715*  

 

 

0,239* 

 

 

 

0,001** 

0,631±0,652 

(Ferdiansyah 

Mahyudin & 

Utomo, 2018) 

SMI =3 perfect 

rods 

SMI=0 perfect 

plates (Murphy et 
al., 2013) 

5 
DC- 

FDBB 
0,503 0,093 0,546* 

 

 

5 

 

 

DBBM 

 

 

0,189 

 

 

0,070 

 

 

0,907* 

* p-value >0.05 normally distribution/homogen 

**p-value <0.05 significant different 

 

Discussions 

Cancellous bovine bone scaffolds which were depicted on micro CT showed a honey 

comb-like structure, heterogenous shape such as round, ellipsoidal, highly anisotropic, 

consisting of interconnected trabeculae (Mitchell & Tojeira, 2013). Conventional fabrication 

methods such as freeze drying and heating affect porosity, pore size, shape surrounding 
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tissue, do not have sufficient control, thus causing suboptimal 3D scaffold because creating 

uniform pore size and distribution with porous 3D matrix is a common problem 

(Bahraminasab, 2020; Lawrence & Madihally, 2008). 

Porosity is the percentage of pores in a volume of material. In this study, the average 

porosity of DBBM showed the greatest results, significantly different from porosity of 

FDBB, This is accordance with the theory that fabrication of DBBM requires heating up to 

1000°C to dissolve all organic components, leaving only inorganic components, 

decomposition of carbonate minerals and transformation of hydroxyapatite into three calcium 

phosphate (β-TCP), this makes the porosity larger thus increases osteogenesis but decrease 

mechanical strength, large connectivity structure, conversely trabecular thickness decreases in 

size, and Ca/P ratio is reduced thus resorption becomes slower and solubility decreases 

(Abdelmoneim et al., 2020; Niakan et al., 2015; Uklejewski et al., 2015). 

FDBB porosity significantly differs from DC-FDBB, and this is accordance with the 

theory of FDBB process making which only requires 2 processes, namely freezing in -80°C 

which forms ice crystals, followed by drying with vacuum freeze dry until ice crystals 

sublimate to form pores until the water content is <8%, which makes porosity greater, while 

the mineral composition of microstructure and protein content remains unchanged. While on 

DC-FDBB it begins with decellularization first using 0,5% SDS for 24 hours then freezing 

and drying, which dissolves cytoplasm, damage cell membrane proteins, removes 

glycosaminoglycans causing water loss, breakdown matrix structure, resulting in higher 

connectivity and anisotropy degree (Gardin et al., 2015). Shahabipour et al (2013) stated that 

immersion with 2,5% SDS for 8 hours was effective to eliminate cells in cancellous bovine 

bone but did not damage the extracellular matrix. 

This study showed that the largest pore size in DBBM that showed significant 

difference with FDBB scaffold, this is in accordance with the statement of Ferdiansyah 

Mahyudin & Utomo (2018), that heating/annealing to 1000°C increases pore size because of 

deproteinization and decarbonization, leaving only inorganic components with pore sizes of 

200-500μm, while the pore size of FDBB according to Galia et al (2011) in the range of 91,2- 

497,8μm because ice crystals sublimate to form pores until the water content is <8%, which 

makes pore, it still contains protein and mineral composition. 

These three types scaffold are still in range of scaffold pore sizes from bovine 

cancellous bovine bone according to Fatihhi et al (2015) which is between 458 ± 115 μm; still 

considered an ideal pore size for tissue engineering for bone growth that requires a pore size 

of 100-1000μm (Sari et al., 2021); pore size 300-500 μm provide the best results or collagen 

production, hydroxyapatite deposition, and bone mineral maturation (Krieghoff et al., 2019). 

Bone regeneration requires a pore size of 100-350μm and fibrovascular tissue requires a pore 

size of 500 μm (Migliaresi & Motta, 2014). Pore size 200-350μm optimal for osteoblast 

proliferation and is osteoconductive (Oryan et al., 2014). This is in accordance with the pore 

size should not be too small or too large, if too small than 100μm can inhibit migration, 

penetration, can form cellular capsule at the edge of the scaffold which limits the diffusion of 

nutrients and the disposal of metabolic wastes resulting necrosis of the core of the scaffold 

(Murphy et al., 2013). 

The thickness of trabecular bone plays a crucial role in the bone healing process, 

particularly in trabecular bone fractures. The healing of trabecular bone involves 

intramembranous ossification, where a small callus is initially formed, followed by the 

development of woven bone, and eventually remodeling into regular trabecular bone 

(Soleimanifar & Katoozian, 2013). In metaphyseal fractures, cancellous bone primarily heals 

through the formation of intertrabecular bone, which is spatially limited and specific to 

cancellous bone, with minimal involvement of cartilage (Sandberg & Aspenberg, 2016). 

Trabecular metals, biomaterials used in reconstructive surgery, enhance biological growth 

and provide structural support in cases of severe bone deficits, highlighting the importance of 
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trabecular architecture in bone healing and recovery (Stiehl, 2005). 

Trabecular thickness is organized to optimize load transfer, with increased porosity 

resulting in greater surface area but reduced strength. Additionally, resorption takes place 

along the bone surface. Thinner trabeculae are resorbed first, thereby increasing the mean 

thickness that trabeculae remain adapt to increasing mechanical demand with regard to 

fracture risk prediction. In this study, the largest trabecular thickness is in the FDBB group, 

because FDBB had the smallest porosity and pore size, and in the morphology description 

FDBB was dominated by yellow and white colors, while DC-FDBB was dominated by purple 

and blue colors which represents thin trabeculae. DBBM is dominated by orange color which 

indicates that it is thicker than DC-FDBB but thinner than FDBB. In SPSS it was concluded 

that trabecular thickness in these three scaffolds did not have a significant difference because 

in DC-FDBB with decellularization using SDS 0,5% for 24 hours extracellular matrix 

damage was observed (Abdelmoneim et al., 2020; Niakan et al., 2015; Uklejewski et al., 

2015). 

The number of trabeculae in bone healing are required because bone remodelling only 

occurs on the internal surface of bone matrix, matrix disruption maybe expected to disrupting 

their attachment to bone matrix, interrupting their communication and metabolic exchange. 

Trabeculae play a crucial role in bone healing by providing a scaffold for bone formation and 

inward growth, influencing mechanical strength, and enhancing osteogenic ability. Research 

has indicated that scaffolds such as trabecular structures exhibit superior osteogenic potential 

due to their irregular structure, which creates a diverse mechanical stimulation environment 

that aligns with the demands of bone regeneration (Liang et al., 2022). The results showed 

that the mean number of trabeculae was the largest in the FDBB group and the smallest in the 

DBBM group. However, the SPSS analysis concluded that there was no significant difference 

in the number of trabeculae among FDBB, DC-FDBB, and DBBM. This can occur because 

the basic material of cancellous bovine bone has very heterogeneous and anisotropic 

morphologies, and the conventional method did not provide sufficient control, thus causing 

suboptimal 3D scaffolds (Bahraminasab, 2020). According to Morgan et al (2004), bovine 

bone has a number trabecula 1,66±0,13 mm-1 so these three scaffold still in standard number 

of trabeculae as scaffolds. 

The degree of anisotropy creates an optimized three dimensional microarchitecture to 

meet the functional demands of bone and support mechanical loading. Structural anisotropy 

has a direct influence on stiffness properties as well as strength, directly synthesise new bone 

matrix on the bone surface. Degree of anisotropy is measure of how highly substructures are 

within a volume. Research has shown that bones are inherently anisotropic due to the 

composition of collagen and hydroxyapatite, which results in differences in electric potential 

induced by ultrasound irradiation based on the direction of wave propagation (Matsukawa et 

al., 2017). Anisotropic scaffolds, mimicking cortical bone, have been found to enhance 

osteoconductive properties and improve bone regeneration ability by increasing the efficiency 

of bone morphogenetic protein such as rhBMP-2, ultimately enhancing bone healing 

(Stuckensen et al., 2019). Anisotropic scaffolds with axially aligned channels have 

demonstrated accelerated bone growth compared to isotropic scaffolds, indicating their 

potential in bone tissue engineering applications (Li et al., 2016). In this study, the highest 

degree of anisotropy was DBBM and the smallest FDBB. There was only a significant 

difference in the degree of anisotropy of DBBM and FDBB, while the degree of anisotropy of 

scaffolds FDBB and DC-FDBB and DC-FDBB and DBBM were not significantly different. 

This phenomenon could be cause by increased anisotropy with increasing temperature and 

duration of heating. The pores are oriented longitudinally in thickness, microstructure 

anisotropy causes anisotropy of mechanical and functional properties (Cahyaningrum et al., 

2018). During the deproteinization process, the pores are interconnected in 3D, the pores 

appear where they were occupied by protein matrix. Since the collagen fiber prefer to be 
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aligned in the direction of bone growth (longitudinal) the pores are oriented preferentially in 

this direction. According to the Fatihhi et al (2015) the degree of anisotropy bovine bone has 

average 0,599±0,139, so that three types of scaffolds in this study are still included in the 

criteria of a good scaffold. 

Connectivity density is the number of trabeculae per unit volume, a high degree of 

interconnection is important to achieve good cell viability into the scaffold. The highest 

connectivity density was FDBB followed by DC- and the lowest was DBBM. Connectivity 

density value of FDBB, DC-FDBB, and DBBM were all higher than the value of bovine 

cancellous bone according to Fatihhi et al (2015) was 4,588±2,053 mm-3. After the analysis, 

it was found DBBM and DC-FDBB had significantly different connectivity density, while 

DBBM and FDBB and DC-FDBB and FDBB were not significantly different. This can be 

caused by the heterogenous morphology and anisotropy of cancellous bovine bone, and there 

is no significant difference in the number of trabecular bone. The higher connectivity density 

value, the lower the porosity and thus increases the permeability of the scaffold. DC-FDBB 

with decellularization using SDS 0,5% for 24 hours damaged the trabeculae matrix, removes 

cytoplasm, damages cell membrane protein, remove 90% DNA content, glycosaminoglycan, 

collagen, and aggrecan, eliminate residual cell components such as osteoblast, osteocytes, 

hematopoietic elements in the extracellular matrix, and rinsing with PBS made the 

interconnection structure and the porosity and degree of anisotropy higher than FDBB while 

the DBBM had the highest porosity which made connectivity density of DBBM lower and 

made lower permeability (Morgan et al., 2004). 

Bone surface density contributor to overall strength and fracture toughness, the 

structure scaffold, the trabeculae structure breaks in the lower bone surface density, weaker, 

thinner (Turunen et al., 2020). In this study, the bone surface density of FDBB scaffold were 

the highest at 5,936±0,370mm2/mm3 and the lowest were DBBM: 5,407±0,727mm2/mm3. 

From statistical calculations, there was no significant difference between the bone surface 

density of FDBB, DC-FDBB and DBBM, the value of three scaffolds is higher than value of 

bovine bone scaffold according to Fatihhi et al (2015) which is 0,201±0,022mm2/mm3. This 

is in accordance with theory that the pore surface area available for cellular attachment is 

inversely proportional to the pore size in it. DBBM standing alone is very fragile, so it is 

necessary to add collagen for better strength (Cahyaningrum et al., 2018). 

The results showed that the largest structural model index size in the DC-FDBB was 

0,573±0,093 and the smallest DBBM 0,185±0,068. The results in this study DC-FDBB have 

more rods trabecular geometry, while DBBM is more towards the plates. The change in 

structure from plate-like to rod-like indicates trabecular thinning (Benders et al., 2013). The 

SMI on DBBM and DC-FDBB and DBBM and FDBB were significantly different. Because 

heating up to 1000°C makes all organic components disappear, leaving only inorganic 

components, decomposition of carbonate minerals and transformation of hydroxyapatite into 

three calcium phosphate (β-TCP), this makes the porosity larger thus increases osteogenesis 

but decreases mechanical strength, large connectivity structure, conversely trabecular 

thickness being smaller, and Ca/P ratio is reduced thus resorption becomes slower and 

solubility decreases (Abdelmoneim et al., 2020; Niakan et al., 2015; Uklejewski et al., 2015). 

While decellularization using SDS 0,5% for 24 hours could destroy cytoplasm and cell 

membranes, eliminate cells and damages structure of extracellular matrix by removing 

glycosaminoglycans and water thus SMI DC-FDBB become larger to rod like (Benders et al., 

2013; Gilpin & Yang, 2017; Ling et al., 2021; Malagón-Escandón et al., 2021). 

The study limitations was there was no variability in the duration of immersion and in 

SDS concentration of decellularization agent, so further research is needed. 
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4. Conclusion 

 

The comparison results of the microarchitecture of three different types of scaffolds for 

bone tissue engineering are as follows. According to the research, the DBBM (deproteinized 

bovine bone material) scaffold exhibits the most ideal 3D microarchitecture due to its highest 

porosity, largest pore size, highest degree of anisotropy, and smallest structural model index 

with trabecular plate geometry. On the other hand, the DC-FDBB (decellularized freeze-dried 

bovine bone) scaffold has the least ideal morphology, resembling a rod-like structure. These 

findings indicate the significant role of scaffold morphology in bone tissue engineering, with 

the DBBM scaffold possessing the most favorable properties for such applications. It was 

concluded that, the cancellous bovine scaffold with the most ideal microarchitecture 3D 

morphology were the DBBM scaffold because it have highest porosity, pore size, degree of 

anisotropy, and smallest structural model index with trabecular plate geometry and the least 

were DC-FDBB with rod like geometry. 
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