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Abstract. A three‑dimensional ex vivo bone cell culture 
system mimicking the skeletal system is useful for bone tissue 
engineering and as drug discovery platforms. The present 
study aimed to establish a three‑dimensional skeletal culture 
system using native bovine bone scaffolds and human bone 
cells. Bovine bone scaffolds were cultured with human foetal 
osteoblasts 1.19 and human peripheral blood mononuclear 
cells for 21 days under standard culture conditions. The 
following groups were established: Decalcified unseeded bone 
scaffold (DUBS) as baseline control, decalcified seeded bone 
scaffold (DSBS) to mimic osteoporosis condition and unde‑
calcified seeded bone scaffold to mimic normal condition. The 
scaffold's porosity and cell attachment on the scaffolds were 
determined using scanning electron microscopy. Histological 
evaluation was used to examine changes in trabecular bone 
structure. Dual‑energy X‑ray absorptiometry analysis was 
performed to determine the bone mineral density (BMD) and 
bone mineral content (BMC) of the scaffolds. A compres‑
sion test was performed to examine the total biomechanical 
strength of the scaffolds. The trabecular thickness and number 
increased, while the trabecular separationwas reduced slightly 
in DSBS than in DUBS (P>0.05). The BMD and BMC increased 
significantly (P<0.05), while the compressive strength only 
increased slightly in DSBS than in DUBS (P>0.05). In conclu‑
sion, the ex vivo skeletal microenvironment comprising native 
bovine bone scaffolds seeded with bone cells is structurally, 

functionally and mechanically comparable with natural bone. 
This system may be used as a platform to understand bone 
physiology and screen for potential drug candidates.

Introduction

Bone is a complex natural nanocomposite and growing tissue 
made up mostly of collagen and nano‑hydroxyapatite (1‑3). 
Bone serves as a protective and supportive framework for 
the body, as well as a reservoir for essential minerals and 
production site of blood cells (3). Numerous attempts have 
been made to design an artificial scaffold that is homogeneous 
and biocompatible for in vitro regeneration of new bone 
tissues (4,5). A well‑designed scaffold derived from natural 
or synthetic polymer must fulfill specific requirements to 
support cell growth (6‑9). First, the scaffold must be osteo‑
conductive, allowing bone cells to attach to and proliferate on 
its surface (10‑13). The scaffold must also be biocompatible, 
allowing normal cellular activity without eliciting any harmful 
effects on the cells (10,14). The combination of these two prop‑
erties will allow cell proliferation and migration to the inner 
scaffold and deposition of the bone matrix (4,6). Thus, the 
newly deposited mineral and matrix should enhance the 
scaffold biomechanically. Apart from its application in tissue 
regeneration, a three‑dimensional in vitro bone cell system that 
mimics the in vivo bone microenvironment would be useful 
in basic science research of the skeletal system, as well as in 
testing of osteo‑reactive compounds in drug development.

Commonly used synthetic bone scaffold materials include 
polymers (11,12,15‑17), bioceramics (17‑20) and hydroxyapa‑
tite (21,22). However, currently available synthetic scaffolds 
do not match the anatomical and physiological structures of 
normal bone. For instance, collagen‑based scaffold does not 
have the hydroxyapatite mineral component, which is present 
in bone. The commonly used hydroxyapatite‑based scaf‑
fold does not have a collagenous matrix, which may retard 
the growth of bone cells. The absence of either element in 
the scaffold reduces its biosimilarity with natural bone. 
Therefore, scaffolds derived from native/natural bone have 
been proposed as alternatives to synthetic ones due to their 
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high biosimilarity (23). These scaffolds have the chemical and 
physical characteristics of natural bone. In the present study, 
bovine bones were used as the scaffold material. Studies have 
indicated that bovine bone as a block or as processed particles 
has high biocompatibility and osteoconductivity to osteoblasts 
and mesenchymal stem cells (24‑26). In particular, bovine 
bone enhances the differentiation of osteoblast‑like cells 
compared with hydroxyapatite (26).

The present study aimed to establish a static three‑dimen‑
sional bone culture system consisting of the native bovine bone 
scaffold and human precursors of osteoblasts and osteoclasts. 
Bovine bones were obtained from waste products of the meat 
industry. The trabecular bone section was used, as its porous 
structure provides a large surface‑to‑volume ratio for the 
attachment of bone cells. The trabecular bone typically under‑
goes higher remodelling rate than the compact bone in vivo, 
and thus, changes in bone microstructure, cellular content 
and metabolic activity may occur within a shorter time (27). 
The biocompatibility of the bone scaffold was examined by 
assessing the proliferation of bone cells on its surface and their 
activities. Cells were observed to proliferate, remineralise and 
alter the mechanical properties of a biocompatible scaffold.

Materials and methods

Processing of bone scaffolds. Bone pieces were cut from the 
metaphysis of the bovine trabecular bone. The pieces were 
sectioned into 10 mm x 10 mm x 5 mm blocks by using a 
bone sawing machine (JG210A; Ahnaz Enterprise). All bone 
samples were immersed in 100% ethyl alcohol for 4 h to 
remove fat. The bone samples were decalcified by incubation 
in 0.6 N hydrochloric acid for 3 days at room temperature. The 
scaffolds were rinsed with sodium phosphate buffer (pH 7.4) 
to eliminate residual acid before being frozen at ‑80˚C for 
2 weeks. The scaffolds were then freeze dried (FreeZone; 
Labconco Corp.) for 3 days and autoclaved prior to use.

Bone scaffold treatments. The porosity of the scaffold 
was characterised using a scanning electron microscope 
(JEOL USA, Inc.). Only bone scaffolds with an average 
pore size of >350 µm were used. The bone scaffolds 
were randomly subjected to three different treatments 
(n=4/group): i) Decalcified unseeded bone scaffold 
(DUBS) group ‑ decalcified but not seeded with bone cells, 
for use as a baseline control; ii) decalcified seeded bone scaf‑
fold (DSBS) group ‑ decalcified and seeded with bone cells to 
mimic osteoporotic bone; and iii) undecalcified seeded bone 
scaffold (USBS) group ‑ undecalcified but seeded with bone 
cells to mimic normal bone (normal control) (Table I).

Establishment of osteoblast/osteoclast co‑culture
Human foetal osteoblast (hFOB) culture. The cell 
line hFOB 1.19 [American Type Culture Collection 
(ATCC)® CRL‑11372™; ATCC] was expanded in a T175 
(6,000/cm2) culture flask by using Dulbecco's modified 
Eagle's medium/nutrient mixture F‑12 medium (DMEM/F‑12; 
Thermo Fisher Scientific, Inc.) with 5% FBS (Thermo Fisher 
Scientific, Inc.) at 34˚C under 5% CO2 according to ATCC 
recommendations. Healthy cells between passages 6 and 8, 
which exhibited 90% confluency on day 3, were selected 

for co‑culture with peripheral blood mononuclear cells 
(PBMNCs).

Isolation of PBMNCS. PBMNCs were obtained from blood 
collected using EDTA‑coated tubes via venipuncture from 
five volunteers (three males and two females, aged 18‑40 years) 
without any underlying medical problems. The protocol 
was reviewed and approved by the Human Research Ethics 
Committee of Universiti Kebangsaan Malaysia (Kuala Lumpur, 
Malaysia; approval code, UKM 1.5.3.5/244/FF‑2014‑187). 
Ficoll‑Paque (Merck KGaA) was used to isolate PBMNCs 
within 1 h after blood collection.

Osteoblast/osteoclast co‑culture procedures. Osteoblast/osteo‑
clast co‑culture procedures were performed as described 
previously with certain modifications (28). Approximately 2x106 
hFOB 1.19 cells, harvested from a T175 culture flask 3 days 
after seeding, were mixed with 2 ml human plasma and 
seeded on one scaffold. The plasma was obtained from the 
subjects who donated PBMNCs. Human plasma served as the 
transport medium for delivering nutrients from the culture 
medium to osteoblasts. The plasma formed a layer of fibrin 
gel, entrapping osteoblasts onto the scaffold surface. The use 
of fibrin to entrap osteoblast onto the scaffold was modified 
from a previous study (29). The hFOB 1.19 cells were cultured 
on the bone scaffold for 3 days to allow the deposition of 
collagen and calcium. A well formed by agarose gel was used 
to hold the scaffold in place and allow successful entrapment 
of cells. hFOB 1.19 cells were co‑cultured with PBMNCs by 
adding the latter directly into the complete culture medium of 
DMEM/F‑12 with 5% FBS at the ratio of 2:1 (1x106 osteoblasts 
and 5x105 PBMNCs). The scaffolds were then maintained for 
21 days at 37˚C under 95% humidity and 5% carbon dioxide 
and then subjected to the analyses. The time window was 
selected because hFOB 1.19 cells take ~21 days to miner‑
alise (30). The media were replaced every two days. These 
co‑culture procedures are illustrated in Fig. 1.

Bone scanning electron microscopy (SEM) analysis. After 
21 days of treatment, cell attachment was observed using a 
scanning electron microscope (JEOL USA Inc.). Prior to SEM 
analysis, the bone scaffolds were fixed with 2.5% glutaral‑
dehyde for 30 min at 4˚C. The scaffolds were dehydrated in 
graded alcohols until the maximum dehydration point was 
reached and finally sputter‑coated with gold.

Bone histomorphometric analyses. Bone structural histo‑
morphometric analysis was performed on the scaffolds. The 
scaffolds were fixed with neutral buffered formalin (24 h at 
4˚C), dehydrated in graded ethanol solutions, embedded in 
polymethyl methacrylate (Polysciences) and cut longitudi‑
nally into 5‑µm sections by using a microtome (RM2235; 
Leica Microsystems). The sections were stained using the 
von Kossa method (31). The histology slides were analysed 
using an image analyser (Eclipse 80i; Nikon Corp.) with auto‑
mated image analysis software (Image Pro‑Plus version 7.0; 
Media Cybernetics, Inc.). The structural parameters deter‑
mined included trabecular bone thickness (Tb.Th; units, µm), 
trabecular bone number (Tb.N; units, 1/µm) and trabecular 
bone separation (Tb.S; unit, µm).
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Bone dual‑energy X‑ray absorptiometry (DXA) analyses. 
Bone mineral density and content were evaluated using a 
QDR 4500 DXA machine (Hologic Inc.). The whole scaf‑
fold was set as the region of interest and the bone mineral 
density (BMD) and content (BMC) were obtained.

Bone mechanical strength analysis. Bone biomechanical 
strength was evaluated by a compression test using a universal 

testing machine (Autograph AGS‑X 500N; Shimadzu). The 
compression load was applied at 10 mm/min onto the surface 
of the scaffold until it became fractured. The mechanical 
parameters determined were the ultimate compressive strength 
(unit: N). Trapezium Lite X software version 1.0 (Shimadzu) 
was used to analyse the results.

Statistical analysis. All statistical analyses were performed 
using SPSS version 20 software (IBM Corp.). One‑way 
ANOVA with Tukey's post hoc test was used to identify 
significant differences among treatment groups. Values are 
expressed as the mean ± standard error of the mean. P<0.05 
was considered to indicate a statistically significant difference.

Results

Proliferation of bone cells on the bovine scaffolds. The 
SEM images revealed a porous surface in the DUBS group, 
which represented the bare trabecular bone (Fig. 2A). The 

Figure 1. Preparation of the static human osteoblast‑osteoclast three‑dimensional bone cells co‑culture system according to the following steps: 1, hFOB 1.19 
cells cultured in a flask were mixed with human plasma to form mixture A; 2, a standardised bone scaffold was prepared from the bovine trabecular bone; 3, a 
layer of mixture A was poured into the agarose mould. After it was hardened, the bone scaffold was placed on the top of the layer. Mixture A was poured onto 
the scaffold forming the second layer; 4, the mould was modified to allow mixture A to be poured at the four sides of the bone scaffold; 5, the fibrin formed 
trapped the cells on the surface of the scaffold; 6, the bone scaffold with fibrin gel was transferred from the agarose mould to the Petri dish; 7, the bone scaffold 
with cells was cultured in DMEM‑F12. On day 3 of culture, PBMCs were injected into the media. The bone scaffold was continued to be cultured for 21 days 
prior to analysis. PBMCs, peripheral blood mononuclear cells; hFOB, human foetal osteoblasts.

Table I. Bone scaffold models used in the different experi‑
mental groups of the present study.

Treatment Group

Decalcified unseeded bone scaffold Baseline
Decalcified seeded bone scaffold Osteoporotic bone
Undecalcified seeded bone scaffold Normal bone
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DSBS was covered by a flat and coarse matrix, suggesting 
successful colonisation of osteoblasts on the bone surface 
(Fig. 2B). A matrix was also formed on the surface of the 
USBS, indicating the proper proliferation and functioning of 
the cells. The matrix on the USBS appeared wrinkled and 
folded (Fig. 2C).

Mineralisation of the bone scaffolds by bone cells. Von Kossa 
staining was used to visualise the degree of mineralisation 
of the bone scaffolds. The intensity of staining was in the 
following order: USBS > DSBS > DUBS (Fig. 3). A slight 
increase in Tb.Th (Fig. 4A) and Tb.N (Fig. 4B), as well as a 
decrease in Tb.S (Fig. 4C) were observed in the DSBS group 
than in the DUBS group, but the difference was not significant 
(P>0.05). The USBS group had significantly higher values for 

Tb.Th and Tb.N than the DUBS and DSBS groups, as well 
as a significantly lower value for Tb.S than the DUBS group 
(P<0.05).

Mineral density and content of the scaffold. After cell 
seeding, the BMD and BMC values of the USBS group were 
significantly higher than those of the DSBS and DUBS groups 
(P<0.05). Furthermore, the DSBS group had significantly 
higher BMD and BMC values compared with those in the 
DUBS group (P<0.05; Fig. 5).

Biomechanical strength analysis of bone scaffolds. After cell 
seeding, the load in the DSBS group was slightly increased 
compared with in the DUBS group, but the difference was not 
significant (P>0.05). However, the load in the USBS group was 

Figure 2. Scanning electron microscopy analysis of bone scaffolds post‑treatment. (A) DUBS, (B) DSBS and (C) USBS. The yellow arrow indicates empty 
trabecular spaces and the red arrow indicates extracellular matrix (magnification, x300). DUBS, decalcified unseeded bone scaffold; DSBS, decalcified seeded 
bone scaffold; USBS, undecalcified seeded bone scaffold.

Figure 3. Histomorphometric observation of bone scaffolds post‑treatment (von Kossa; magnification, x200). Images displaying the trabecular structure of 
(A) DUBS, (B) DSBS and (C) USBS. The yellow arrow indicates trabecula with less deposition of calcium (brownish colour) and the red arrows indicate high 
deposition of calcium (black colour). DUBS, decalcified unseeded bone scaffold; DSBS, decalcified seeded bone scaffold; USBS, undecalcified seeded bone 
scaffold.
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significantly higher than that in the DSBS or the DUBS group 
(P<0.05; Fig. 6).

Discussion

In the present study, the properties of a native bovine bone 
scaffold cultured with hFOB 1.19 osteoblasts and PBMNCs as 
precursors of osteoclasts were studied. In this experiment, a 
co‑culture system of hFOB 1.19 osteoblasts and PBMNCs (as 

precursors for osteoclasts) was used, as osteoblasts and osteo‑
clasts are responsible for bone formation and bone degradation 
in the endogenous skeletal microenvironment (32). Since there 
is no osteoclast cell line available, PBMNCs were differenti‑
ated into osteoclast‑like cells as the experimental model of 
osteoclasts. Osteoblasts have a vital role by secreting cytokines 
such as macrophage colony‑stimulating factor and tumour 
necrosis factor ligand superfamily member 11, which in turn 
induce the formation and maturation of osteoclasts (22,33). 
Matured osteoclasts resorb old damaged bone (34) and produce 
tartrate‑resistance acid phosphatase, an enzyme responsible 
for biological mechanisms, such as collagen synthesis, skel‑
eton development and bone mineralisation (22). The interplay 
between these bone cells is important to ensure the continuity 
of the bone remodelling mechanism.

In the present study, the biocompatibility of the scaffold 
for co‑culture of human cells was assessed via cell prolifera‑
tion and function. The present observations indicated that the 
bone cells proliferated and synthesised a layer of extracellular 
matrix on the surface of the DSBS and USBS. This approach 
in assessing the biocompatibility of the native bone scaffold 
has been adopted by other researchers (35). The observation 
suggested that the scaffold supported the viability and func‑
tion of bone cells. The interconnected porous structure of a 
scaffold ensures a good passage for nutrients and provides 
a favourable biological environment for cell attachment and 
biomineralisation (36). The pore size of >350 µm was set as 
the criterion for selecting the bone scaffold, as it promotes cell 
migration and prevents cell aggregation along the edges of the 

Figure 4. Quantitative histomorphometric analysis of bone scaffolds post‑treatment. (A) Tb.Th, (B) Tb.N and (C) Tb.S of DUBS, DSBS and USBS. Tb.Th 
and Tb.N were significantly higher in USBS than in DUBS and DSBS. Tb.S was significantly lower in USBS than in DUBS. Values are expressed as 
mean ± standard error of the mean. *P<0.05 vs. DUBS; #P<0.05 vs. DSBS. Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.S, trabecular separation; 
DUBS, decalcified unseeded bone scaffold; DSBS, decalcified seeded bone scaffold; USBS, undecalcified seeded bone scaffold.

Figure 5. Dual‑energy X‑ray absorptiometry analysis results of bone scaffolds post‑treatment. (A) BMC and (B) BMD of DUBS, DSBS and USBS. Values are 
expressed as mean ± standard error of the mean. BMC and BMD were higher in DSBS than in DUBS, as well as in USBS than in DUBS and DSBS. *P<0.05 
vs. DUBS; #P<0.05 vs. DSBS. DUBS, decalcified unseeded bone scaffold; DSBS, decalcified seeded bone scaffold; USBS, undecalcified seeded bone scaffold; 
BMD, bone mineral density; BMC, bone mineral content.

Figure 6. Mechanical strength analysis of bone scaffolds post‑treatment. 
of DUBS, DSBS and USBS. The load value was higher in USBS than in 
DUBS and DSBS. Values are expressed as mean ± standard error of the 
mean. *P<0.05 vs. DUBS; #P<0.05 vs. DSBS. DUBS, decalcified unseeded 
bone scaffold; DSBS, decalcified seeded bone scaffold; USBS, undecalcified 
seeded bone scaffold.
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scaffolds (8). A study by Sladkova et al (37) has indicated that 
bone cancellous scaffolds with larger pores facilitate penetra‑
tion of the cells, but scaffolds with smaller pores allow cell 
aggregates and promote osteogenic differentiation of stem 
cells.

The structural histomorphometric evaluation indicated 
the mineralisation of the trabeculae and increased trabecular 
thickness and number in the USBS group compared with those 
in the DSBS and DUBS groups. It was thus hypothesized that 
the osteoblasts attached to the trabecular surfaces were fully 
functional and started to secrete bone matrix and mineralise it. 
The deposition of mineral was confirmed by DXA assessment, 
whereby the BMD and BMC of DSBS increased compared 
with those of the DUBS. A previous study implanted the 
native bone scaffold in rabbits, showing increased BMC and 
BMD (38). However, the present study showed that the increase 
in BMC and BMD was achieved in an in vitro environment. 
The demineralised scaffold with natural cross‑linked collagen 
type I fibrils provides a template for mineral deposition (23). 
The mineral is deposited onto the collagenous matrix of the 
scaffold, indicating that the osteoblasts are committed to 
osteogenesis (39).

The mineralised matrix is expected to make the scaffolds 
stronger and more stable (23). In the present study, USBS 
endured a higher load during the compression test compared 
with the DSBS and DUBS, corresponding to the results 
regarding the BMD and BMC. However, the DSBS and DUBS 
sustained a similar load in the test. Considering that both of 
them are demineralised, we suggest that the amount of mineral 
newly deposited by the osteoblasts was not sufficient to cause 
a significant change in the mechanical properties of the scaf‑
folds. The mechanical strength of a scaffold is important to 
maintain the spaces required for ingrowth of the cells, matrix 
production and new bone formation (10,40‑42). The balance 
between porosity and mechanical strength is delicate, but 
a clear criterion exists for this ratio for a good scaffold (43). 
The mechanical strength should be similar to that of natural 
bone (34,43,44).

The present study has several limitations. Cell viability 
and proliferation assessment using biochemical methods, 
such as MTT and flow cytometry, was not feasible due to the 
three‑dimensional nature of the culture system. It was not 
possible to examine individual cell characteristics, as the cells 
were embedded in the matrix. However, SEM examination 
revealed that the cells were attached and were functioning on 
the scaffold by forming an extracellular matrix. The use of the 
static culture system may not be optimal for efficient delivery 
of nutrients into the scaffold. The use of a bioreactor is recom‑
mended to ensure homogeneous mineralisation and optimal 
supply of nutrients throughout the co‑culture process. A biore‑
actor is a vessel used for biological reactions and culture of 
aerobic cells (45). This instrument was not used in the present 
study, as it was not available in our laboratory. All parameters 
were measured on day 21 only. A time‑series approach should 
be considered in future studies to monitor changes in these 
variables. Future studies should also compare the biocompat‑
ibility and osteoconductivity of the scaffold designed to be 
composed of traditional synthetic scaffolds. Pre‑treatment 
measurement of the BMC should be considered in future 
studies for better standardisation. Furthermore, future studies 

should also consider using an undecalcified, unseeded bone 
scaffold as a native bone control and comparing decalcified 
bone scaffolds seeded with osteoblasts, osteoclasts and both 
cell types together. Currently, a patent has been filed to use 
this scaffold system as an in vitro skeletal microenvironment 
for bone biology and drug screening studies (46).

In conclusion, in the present study, a static three‑dimen‑
sional bone culture system using native bone scaffold derived 
from bovine trabecular bone and co‑culture of hFOB 1.19 
osteoblasts and PBMNCs was established. The cells grow 
on the native bone scaffold, as observed by scaffold surface 
assessment for cell attachment and also histological evaluation. 
Scaffold mineralisation, as illustrated by increases in BMC 
and BMD of DSBS compared with DUBS, indicated that the 
bone cells attached were fully functional. However, due to the 
short culture period, the slight improvement in biomechanical 
strength of the demineralised scaffold was not significant. 
Future research should consider prolonging the culture time 
and the use of a bioreactor for improving the three‑dimen‑
sional culture system. This skeletal microenvironment system 
may be useful for understanding the bone remodelling process 
ex vivo and for testing agents for improving bone health.
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