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Abstract

Bone Cell Response to Mechanical Loading in a 3D Trabecular Bone Scaffold

: Comparison of Fluid Shear Stress and Cyclic Compressive Strain

Byung Gwan Kim

Department of Biomedical Engineering

The graduate school

Yonsei University

(Directed by Professor Chi Hyun Kim)

Mechanical loading is the critical factor that regulates the bone functional

adaptation. The trabecular bone architecture is optimized by the bone remodeling

resulting from the bone cell response to mechanical loading, and thus maintains the

mechanical property of the bone tissue prevailing bone functional requirement. This

study was conducted to come up with an effective system of mechanical loading to

the bone functional adaptation, identifying the correlation between trabecular bone

morphology and mechanically regulated bone cell response in a 3D trabecular bone

scaffold. A custom made trabecular explant model was fabricated, and bone cells were

loaded with oscillatory fluid flow induced shear stress and cyclic compressive strain in

a 3D trabecular bone scaffold. The first result indicated that the fluid shear stress

increased the alkaline phosphate activity as well as the mRNA levels of collagen type

I and core binding factor I in accordance with the trabecular morphological feature,

while the cyclic compressive strain increased the alkaline phosphate activity and

mRNA level of collagen type I in the same condition, but to a lesser degree. The

second result indicated that the fluid shear stress increased both the alkaline phosphate
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activity and the prostaglandin E2 release depending on bone volume fraction and bone

surface as well as bone volume fraction and trabecular number, respectively, whereas

the cyclic compressive strain increased only the alkaline phosphate activity depending

on the magnitude of the strain. Based on the results that were obtained in the study,

it is suggested that fluid shear stress produces different cellular mechanotransduction

from the cyclic compressive strain, and that fluid shear stress may be a more potent

mechanical stimulus compared to cyclic compressive strain for mechanically regulated

bone adaptation in a 3D trabecular bone structure.

Keywords: trabecular bone, fluid shear stress, cyclic compressive strain, bone

adaptation, osteoblast
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I. Introduction
Mechanical loading is the critical factor in the regulation of bone metabolism. The

bone tissue is surrounded by different kinds of mechanical environments that expose

the bone cells to mechanical loading induced physical signals, such as internal fluid

flow, hydrostatic pressure, or mechanical strain. Mechanical signals are known to

stimulate bone cellular activity and thus ultimately lead to bone functional adaptation1-3.

Bone functional adaptation involves mechanically regulated bone remodeling through

bone formation and resorption, which result in an adaptive bone architecture that

maintains the mechanical property of the bone tissue prevailing bone functional

requirement. That is, osteoblasts related to bone formation and osteoclasts related to

bone resorption mechanically regulate bone remodeling and maintain the balance of the

bone structural condition in response to a mechanical environment.

Bone cells often respond more actively to mechanical stimuli in a trabecular bone

than in a cortical bone4. Trabecular bone morphology is distinguished from cortical

bone morphology in that a trabecular bone is composed of a porous structure that

enables the bone cells on the large surface of the trabeculae to be affected by the

precise mechanical stress resulting from the dynamic trabecular structure as well as the

biochemical factors within the bone marrow5-7. The trabecular structure is very

important in the regulation of bone structural and functional adaptation to mechanical

loading because cellular sensitivity to mechanical loading on a trabecular surface is

one of the triggers of bone functional adaptation8,9.

The dynamic loadings of fluid flow induced shear stress and mechanical

compressive strain are significant mechanical stimuli that activate bone cellular

mechanotransduction in vivo10-12. Cyclic mechanical strain results in cellular stretching

on the trabecular substrate and generates an internal fluid flow in the lacunocanalicular

network in bone tissue10,13. Oscillatory fluid flow induced shear stress, which is also

likely to be a more primarily similar fluid type in vivo, is induced by the pressure

gradient in bone tissue14. A number of in vivo models have been developed to

investigate the response of the bone cells to these types of mechanical loading in

vivo15,16. In vivo studies, however, have difficulty determining the bone cell response
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to a specific type of mechanical loading due to the combined cell level physical

signals arising from the complicated tissue network. They are also influenced by

several biochemical factors, such as the hormones or cytokines17.

In vitro studies have been performed to investigate bone cell response to mechanical

loading at the cell level of a 2D environment. Fluid shear stress is one of the potent

mechanical stimuli that enhance bone formation and that restrain bone resorption

through Receptor Activator for Nuclear Factor B Ligand (RANKL) / osteoprotegerinκ

(OPG) signaling, alkaline phosphate (ALP) activity, or prostaglandin E2 (PGE2)

secretion17-19. Bone cells also respond differently to a type of fluid flow; that is, bone

cellular mechanotransduction resulting from oscillatory fluid flow may occur through a

cellular mechanism that is fundamentally different from that of steady or pulsatile fluid

flow20. Cyclic mechanical strain also regulates the proliferation and differentiation of

the bone marrow stromal cell through the increase of ALP activity, collagen type I,

and core binding factor I (Cbfa1)21. Previous studies suggest that fluid shear stress is a

more potent mechanical stimulus in a 2D environment compared to substrate

deformation12,22,23. It is not conclusively known, however, what kind of mechanical

stimulus mainly controls trabecular bone adaptation in bone mechanobiology.

Although bone cell response to mechanical loading has been widely investigated in

vitro within a controlled 2D environment, bone mechanobiology can be reinterpreted at

the tissue level of a 3D environment. The cell sensibilities can be modulated by the

tissue substrate’s provision of different adhesive characteristics and by the tissue

sensibility’s alteration of the local stress distribution transmitted to the bone cells in a

3D environment24-26. Nevertheless, there are few experimental studies on whether

mechanical stimuli are the main causes of skeletal metabolism, and on how

micro-macro bone structural adaptation is controlled by mechanical loading in a 3D

environment even if trabecular bone functional adaptation is regulated not only by the

trabecular bone substrate but also by cellular communication mediated by the

osteocytes within the trabecular bone tissue.

The trabecular bone explant model that was fabricated in this study can be used to

approach the aforementioned issue because such model deals with the trabecular

inherent morphology, substrate characteristics, and mechanical property that are similar
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to those of the native trabecular bone tissue27. A trabecular bone scaffold also has

various trabecular microstructural parameters, such as bone volume fraction (BVF),

bone surface density (BSD), degree of anisotrophy (DA), and the other trabecular

factors (thickness, number, separation, etc.) that allow the examination of the various

trabecular morphological features28. Therefore, considering that the bone cells on the

trabecular surface were given fluid flow induced shear stress and substrate deformation

in vivo, it was hypothesized in this study that the bone cells on a 3D trabecular

surface also respond differently to fluid flow induced shear stress compared to

mechanical strain induced substrate deformation in vitro, and that the bone functional

adaptation resulting from the local stress distribution that is dependent on the

trabecular morphological feature may be related to the bone cellular sensitivities to the

specific type of mechanical stimulus on the trabecular surface.

To assess the aforementioned hypothesis, bone cell response to mechanical loading

in a 3D trabecular bone scaffold was investigated. First, the osteoblastic activity

exposed to fluid shear stress and cyclic compressive strain in a trabecular bone

scaffold was examined to compare osteoblastic activity responding to fluid shear stress

with osteoblastic activity responding to cyclic compressive strain. Second, the

correlation between trabecular morphology and osteogenic protein levels was established

after mechanical stimulation to determine an effective mechanical loading system

related to the mechanism of mechanically regulated bone adaptation.

The preosteoblast of MC3T3-E1 cells was seeded in a 3D trabecular bone scaffold

whose osteocyte network was removed, and the cell distribution and proliferation

depending on the culture time was observed. After the determination of the proper

culture condition, a trabecular bone scaffold was loaded using oscillatory fluid flow

and cyclic mechanical compression, which exposed the cells to fluid shear stress and

cyclic compressive strain, respectively. The osteogenic activity responding to the

mechanical loading was quantified through the serum protein level of the ALP activity

and the PGE2 release as well as the collagen type I and Cbfa1 gene expression. By

doing so, the effect of each loading on the bone cells and the correlation between

trabecular bone morphology and bone cellular responses in a 3D trabecular bone

scaffold were identified.
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II. Materials and Methods

1. Manufacture of a 3D Trabecular Bone Scaffold

Cylindrical trabecular bone scaffolds with 5 mm diameters and 5 mm lengths were

prepared using an isomet low speed saw (Bueler, USA) and a diamond core drill

(Starlite, USA) from the bovine vertebra and sternum (Fig. 1). Water shot was used to

get rid of the bone marrow elements from the intraspace of a bone scaffold, and then

the bone scaffold was treated with 30% hydroxyl peroxide for 24 hr to remove its

organic contents29. The scaffold was sterilized with 70% ethanol for 6 hr and 95%

ethanol for 24 hr. For micro-CT scanning, the bone scaffolds were placed in a 1.5ml

microtube that was filled with ultra pure water. After micro-CT scanning, a bone

scaffold was reserved in 70% ethanol until the cell seeding procedure was carried out.

(a) (b)

Figure 1 Manufacture of a trabecular bone scaffold. (a) Cutting a bovine vertebra

using an isomet low speed saw (b) Bone core drilling from a sliced bovine vertebra

trabecular bone
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2. Structural Analysis of the Trabecular Bone Scaffold via

Micro-CT

The bone scaffold was scanned using a micro-CT (Skyscan, Belgium) with a 35 µm

resolution. For the measurement of the trabecular microstructural parameters, which are

BV/TV (BVF, bone volume fraction), BS/BV (BSD, bone surface density), Tb.Th

(trabecular thickness), Tb.N (trabecular number), Tb.Sp (trabecular separation), Tb.Pf

(trabecular pattern factor), SMI (structure model index) value, and DA (degree of

anistrophy) value, the scanned images were analyzed using the CTan software

(Skyscan, Belgium). The bone scaffold was also reconstructed and visualized in a 3D

model using the Mimic software (Materialise, USA).

Fig. 2 shows the comparative average values and standard deviations of the trabecular

bone parameters of the vertebra and sternum scaffolds. The vertebra scaffolds are

significantly distinguished from the sternum scaffolds in that they have higher BVF

and DA values as well as lower Tb.Pf values compared to the sternum scaffolds.

Tb.Th is thicker and Tb.N greater in the vertebra scaffolds than in the sternum

scaffolds, while no significant differences were shown in BSD and Tb.Sp. Although

the mean Tb.Sp values, however, of the vertebra and sternum scaffolds are similar, the

standard deviation is higher in the sternum scaffolds than in the vertebra scaffolds,

which means that the Tb.Sp values are widely spread in a dataset of the sternum

group. Fig. 3 shows one of the scaffolds, which was visualized into a 3D model using

the Mimic software.
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Figure 2. Comparative trabecular bone parameters of the vertebra and sternum

scaffolds. BSD: bone surface density (bone surface/tissue volume); Tb.N: trabecular

number; Tb.Pf: trabecular pattern factor (connectivity); BVF: bone volume fraction

(BV/TV); Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; DA: degree of

anisotrophy. ( = vertebra scaffold; = sternum scaffold; N = 9 in each group; error□

bars = standard deviation; +: P value < 0.05; *: P value < 0.001; student’s t test).
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(a) Top view

(b) Side view

(c) Cross sectional area

Figure 3. 3D models of thevertebra and sternum scaffolds reconstructed using the

Mimic software (left: sternum scaffold right: vertebra scaffold).
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3. Cell Culture in a 3D Trabecular Bone Scaffold

MC3T3-E1 preosteoblasts were seeded onto the trabecular bone scaffold using two

different types of seeding methods, according to the trabecular morphological feature.

First, cells were seeded onto the sternum scaffold with a spinner flask based cell

seeder. Second, cells were seeded onto the vertebra scaffold with an oscillatory

perfusion based cell seeder. To investigate the cell proliferation and distribution on the

surfaces of the cell seeded trabecular bone scaffolds, the number of cells on the 3rd

and 7th days after cell seeding was counted. The cross sectional areas of the bone

scaffolds were also stained via Goldner’s trichrome staining.

Cell seeding with a spinner flask system (sternum scaffold)

A spinner flask seeding jar (Fisher, USA) with an electromagnetic stirrer (IKA,

Germany) was used so that the cells would seed appropriately in the sternum

trabecular bone scaffolds (Fig. 4). An MC3T3-E1 cell solution at a 3×105 cell/ml

concentration was revolved using a magnetic stir bar, and cells were transplanted into

the bone scaffold that was suspended to a seeding jar at room temperature. After an

hour, the bone scaffolds were transported from a seeding jar into 96-well plates, then

a cell droplet composed of 2×105 cells were directly injected into each bone scaffold.

The cell droplets were then gently resuspended and incubated, to enhance the number

of adherent cells therein, in a 37 , 5% CO2 incubator with complete media for 30

min. After 30 min incubation, the bone scaffolds were placed in 2% agrose coated

24-well plates to prevent cellular movement from the bone scaffolds to the bottom of

the dishes30. All the scaffolds were cultured in a 37 , 5% CO2 incubator with

complete media consisting of 89% a-MEM (GIBCO, USA), 10% fetal bovine serum

(GIBCO, USA), and 1% P/S (penicillin/streptomycin, GIBCO, USA). The culture

media was changed every day to avoid cellular debris accumulation and to supply

fresh nutrients and oxygen to the intraspace of the scaffolds. All the devices and
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instruments that were to come in contact directly and indirectly with the cells were

fully sterilized by soaking them in 70% ethanol and autoclaving them.

Figure 4. The spinner flask based cell seeding system. A magnetic stirrer rotated and

mixed the cell solution (100 ml, 3×107 cells) to guide the cells into the bone scaffold,

which was suspended in the middle of a seeding jar, using an injection needle

(36-37 , 300 rpm).
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Cell seeding through an oscillatory fluid perfusion system (vertebra scaffold)

To seed cells into the vertebra trabecular bone scaffolds, the vertebra bone

scaffolds were fitted into sterilized tygon tubes that were connected to a

syringe-actuator system (Fig. 5). An MC3T3-E1 cell solution at a 6×105 cell/ml

concentration was kept inside the tube, and oscillatory perfusion was applied to the

scaffolds at a flow rate of 3 ml/min for 1 hr, at room temperature. After 1-hr cell

perfusion, the bone scaffolds were incubated for 30 min within the tube, in a 37 ,

5% CO2incubator, and were transported to 24-well plates that were coated with 2%

agarose gel to prevent cell movement from the bone scaffolds to the bottom of the

dishes30. All the scaffolds were cultured in a 37 , 5% CO2 incubatorwith complete

media consisting of 89% a-MEM (GIBCO, USA), 10% fetal bovine serum (GIBCO,

USA), and 1% P/S (penicillin/streptomycin, GIBCO, USA). The culture media was

changed every day to avoid cellular-debris accumulation and to supply fresh nutrients

and oxygen to the intraspace of the scaffolds. All the devices and instruments that

were to come in contact directly or indirectly with the cells were fully sterilized by

soaking them in 70% ethanol and autoclaving them.

(a) (b)

Figure 5. The oscillatory fluid perfusion based cell seeding system.

(a) A syringe actuator system. (b) The bone scaffolds were fitted into sterilized tygon

tubes, then oscillatory perfusion of the cell concentration was applied to the porous

vertebra scaffolds.
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Proliferation and distribution of the bone cells in a 3D trabecular bone

scaffold

The cell seeded bone scaffolds were cultured with time until 2 wk. The histologies

of the bone scaffolds were analyzed at 0 day pre-seeding, and at 7 and 14 days

post-seeding. They were prefixed in 10% formalin for a day and were post-fixed in

70% ethanol. After fixation, the samples were dehydrated with ethanol, cleared with

toluene, and infiltrated and embedded in PMMA (polymethylmethacrylate). The PMMA

blocks were sectioned with 5 um thickness to the medial cross sectional area of the

scaffolds, using microtome (Leica, Germany). Goldner’s trichrome staining was

performed to evaluate the cell attachment, distribution, and proliferation on the

trabecular surface of the scaffolds. The Leica microscopic system (Leica, Germany)

was used to scan the images.

It was found that the native cells did not remain on the surfaces of the trabecular

bone scaffolds in the preseeding status (Fig. 6(a)). On the other hand, it was observed

that the cells proliferated uniformly on the surfaces of the vertebra and sternum

scaffolds, starting from the trabecular cavities and making up an ECM (extracellular

matrix) composition in the post-seeding scaffolds that were cultured for 7 days (Fig.

6(b) and (c)). The cells were observed to proliferate, however, on the cell-concentrated

barriers through the external surfaces, and the cells did not remain in the

intratrabecular spaces of the post-seeding scaffolds that were cultured for 14 days (Fig.

6(d)).

The cell numbers in the randomly chosen samples (N=3) were also counted using

a trypsin EDTA solution. Fig. 7 shows that the cell numbers highly increased in the

vertebra scaffold with the culture period. The scaffold that was cultured for 7 days

showed a 330% cell number increase, which was higher compared to the cell number

increase in the scaffold that was cultured for 3 days. Although the number of cells

from the sternum group was counted on the 3rd day (mean value: 128,000
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cell/scaffold; N=3), the cells in the sternum scaffolds could not be counted on the 7th

day with the trypsin-EDTA treatment.

(a) (b)

(c) (d)

Figure 6. Histological analysis of the 3D cell culture. (a) Preseeding on 0 day

(vertebra). There were no cells on the surfaces of the trabecular bone scaffolds. (b)

Post-seeding on the 7th day (vertebra). The seeding cells proliferated and covered the

surfaces of the trabecular bone scaffolds. (c) Post-seeding on the 7th day (vertebra).

Comparative uniform cell distribution and upward proliferation in the trabecular

cavity,with excessive ECM secretion. (d) Post-seeding on the 14th day (vertebra).

Cell-concentrated barrier through the exterior area of the trabecular bone scaffolds.
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Figure 7. Cell numbers on the 3rd and 7th days in the vertebra bone scaffolds (error

bars = standard deviation *: P value < 0.001 student’s t test).
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4. Loading Systems for Fluid Shear Stress and Cyclic Compressive

Strain

Loading system for oscillatory fluid flow induced shear stress

An oscillatory fluid flow was applied to the bone scaffolds using a syringe actuator

based system. This system has four syringes, which are connected to an actuator and a

loading cassette (Fig. 8). Each of the bone scaffolds was fitted into a self-designed

loading cassette and was given a sinusoidal oscillatory fluid flow separately at a flow

rate of 0.3 ml/min, under a 1/60 Hz loading frequency, for 1 hr, at room temperature

(Fig. 9). The flow rate and frequency with regard to the mean shear stress were

estimated, and it was found that the cells did not exceed 1X10-2 Pa, as in the

previous studies24,25,31,32. Complete media consisting of 89% a-MEM (GIBCO, USA),

10% fetal bovine serum (GIBCO, USA), and 1% P/S (penicillin/streptomycin, GIBCO,

USA) was used during the mechanical-loading application. The control group was not

subjected to fluid flow, but the bone scaffolds were placed in 24-well plates for the

same amount of time, at room temperature.

.

Figure 8. The oscillatory fluid flow induced shear stress loading device.
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Flow rate : 0.3ml/min 
Frequency : 1/60 Hz
Flow rate : 0.3ml/min 
Frequency : 1/60 Hz

Figure 9. The oscillatory fluid flow induced shear stress loading system. Oscillatory

fluid perfusion was applied directly and separately to the bone scaffolds in a 37 ,

5% CO2 incubator. A loading cassette made with semitransparent PMMA to prevent

the development of air bubbles was used to visualize the media flow in the inner

parts of the cassette.

Loading system for cyclic compressive strain

Cyclic mechanical compression was applied to a bone scaffold using a biodynamic

instrument (BOSE, USA) that specializes in loading biotissue in vitro. This system

maintains a bone scaffold in a sterilized biochamber that is filled with complete media

during the loading status. The bone scaffolds were given preloads of -10 N to ensure

perfect contact on both sides of the bone scaffolds up and down the loading beams.

Then the bone scaffolds were compressed from 0 N to -20 N at a 1 Hz loading

frequency, for 1,800 cycles, at room temperature. After loading, the magnitude of the

strain was calculated using the Wintest software (BOSE, USA). Complete media

consisting of 89% a-MEM (GIBCO, USA), 10% fetal bovine serum (GIBCO, USA),

and 1% P/S (penicillin/streptomycin, GIBCO,USA) was used during the

mechanical-loading application. The control group was not subjected to cyclic

mechanical compression, but the bone scaffolds were placed in 24-well plates for the

same amount of time, at room temperature.
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Max : 20N 
Min  : 0N
Frequency : 1 Hz

Max : 20N 
Min  : 0N
Frequency : 1 Hz

Figure 10. Cyclic mechanical compression loading system. Two fixing beams engaged

with a bone scaffold. The lower part moves up and down, and the upper part records

the range of the force and displacement through a load cell located over the beam.
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5. Quantification of the mRNA and Serum Protein Level in a

Trabecular Bone Scaffold

In the first experiment, cell seeded vertebra and sternum scaffolds were cultured for

a week, and then fluid shear stress and cyclic compressive strain were applied to the

bone scaffolds to investigate the bone cell response to mechanical loading in a 3D

trabecular bone scaffold. Immediately after loading, the bone scaffolds were removed

from the loading instrument and were placed in 96-well plates for ALP assay. The

scaffolds were incubated for 1 hr with 500 µl serum free media, and then the ALP

activity was assayed directly from the media. The ALP activity was quantified using a

Quantichrome ALP assay kit (BIOASSAY-DALP-250, USA), which employs a

colorimetric kinetic determination system of the serum ALP activity. After acquiring

the media, the bone scaffolds were transferred into microtubes with a tri reagent and

the disintegrated samples, using a Mini bead beater (Biospec, USA), which

homogenized the bone samples with bead quaking for six cycles, at 2,500 rpm. After

homogenization, the cells were lysed, and the total RNA was isolated from each bone

scaffold. The RNA amounts were measured with a spectrophotometer, and the samples

that had the same RNA amounts were synthesized to cDNA with a TaqMan reverse

transcription reagents kit amplified by a thermal cycler (Applied Biosystems, USA).

Collagen type I and Cbfa1, which are significant osteoblastic markers, were quantified

via a real time RT-PCR system (Applied Biosystems, USA) with TaqMan universal

PCR master mix and 20X primer. The results were normalized by an 18S

housekeeping gene to determine the relative steady states of mRNA expression.

In the second experiment, the osteblastic responses to the mechanical loadings in

the vertebra bone scaffolds (N=9 in each group) were confirmed to identify the effect

of each loading and the correlation between the trabecular morphogical parameters and

the cellular response. Immediately after loading, the bone scaffolds were removed from

the loading instrument and were placed in 96-well plates for the detection of the ALP
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activity and the PGE2 release. The scaffolds were incubated for 1 hr with 500 µl

serum free media, and then the ALP activity and PGE2 release were assayed directly

from the media. The ALP activity and PGE2 release were quantified using a

Quantichrome ALPassay kit (BIOASSAY-DALP-250, USA), which employs the

colorimetric kinetic determination system of the serum ALP activity, and a monoclonal

PGE2 ELISA kit (Cayman chemical-514010, USA), which employs enzyme

immunoassay analysis of the serum PGE2 level spectrophotometrically.
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III. Results

1. Comparison of Fluid Shear Stress and Mechanical Strain

In the first experiment, fluid shear stress and cyclic compressive strain effectively

stimulated the bone cells only in the vertebra scaffolds, while the sternum scaffolds

did not show significant changes in the cellular response to mechanical loading. In the

vertebra group, fluid shear stress and cyclic compressive strain resulted in a 1.5- and

1.2-fold increase in the ALP activity, respectively (Fig. 11). The mRNA level of

collagen type I also increased by 670% and 580%, respectively, in response to fluid

shear stress and cyclic compressive strain (Fig. 12(a)). The Cbfa1 gene expression

increased only by 350%, however, in response to fluid shear stress (Fig. 12(b)).
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Figure 11. Bone cell response to fluid shear stress and cyclic compressive strain

assessed based on the ALP activity in the vertebra and sternum scaffolds. (FSS: fluid

shear stress; CCS: cyclic compressive strain; error bars = standard deviation N = 2 or

3 in each group *: P value < 0.5 ANOVA one-way analysis).
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Figure 12. Bone cell response to fluid shear stress and cyclic compressive strain

assessed based on the mRNA gene expression of collagen type I and Cbfa1 (RUNX2).

(a) Collagen type I in the vertebra and sternum scaffolds. (b) Cbfa1 (RUNX-2) in the

vertebra and sternum scaffolds. (FSS: fluid shear stress; CSS: cyclic compressive strain;

error bars = standard error N = 3 in each group *: P value < 0.05 ANOVA one-way

analysis).
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In the second experiment, the ALP activity increased by 150% and 190%,

respectively, in response to fluid shear stress and cyclic compressive strain, which

were higher compared to the control group. The PGE2 release, however, increased

only by 550% in the fluid shear group, and the cyclic compressive strain did not raise

the level of PGE2 release from the osteoblasts in the bone scaffolds (Fig. 13).
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Figure 13. Bone cell response to fluid shear stress and cyclic compressive strain

assessed based on the ALP activity and PGE2 release in the vertebra bone scaffolds.

(FSS: fluid shear stress; CCS: cyclic compressive strain; the protein level was

normalized by the mean value that was quantified from the control group, and the

results were expressed as means ± SE (standard error) N = 9 in each group *: P

value < 0.005 student’s t test).

http://www.skypdf.com


22

2. Correlation between Trabecular Bone Morphology and Bone

Cell Response

The trabecular bone parameters that were acquired from the vertebra bone scaffolds

were compared to the ALP activity and PGE2 release to determine the correlation

between trabecular bone morphology and bone cell response to mechanical loading. In

the fluid shear group, the ALP activity had a linear correlation with BVF and BS.

Likewise, the PGE2 release had a linear correlation with BVF and Tb.N. On the other

hand, only the ALP activity had a linear correlation with the magnitude of strain in

the cyclic compressive group (Fig. 14 and 15). Although Tb.th and Tb.sp did not

show statistically significant ALP activity and PGE2 release values, their values in the

fluid shear group had a tendency to increase or decrease. Table 1 shows the average

value and standard deviation of the trabecular bone parameters of the vertebra

scaffolds that were used in the experiment. Table 2, on the other hand, shows the P

value of the correlation coefficient and R2 of the linear regression between the bone

scaffolds’ microstructural parameters and the quantified proteins.
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Table 1. Average Trabecular Bone Parameters of the Vertebra Scaffolds (±: Standard

Deviation)

Table 2. Statistical Analysis of the Mechanical Response to PGE2 and ALP Release

(FSS: Fluid Shear Stress CCS: Cyclic Compressive Strain Bold: P Value < 0.005

ANOVA One-Way Analysis, 2-tailed)

http://www.skypdf.com


24

R2 = 0.6678

P  value * = 0.004

R2 = 0.2322

0%

50%

100%

150%

200%

250%

300%

20% 25% 30% 35% 40% 45% 50%

BVF ( % )

A
L
P

 R
e
le

a
s
e

R 2  = 0 .4 23 3
P  v alue = 0 .0 42

R 2  = 0 .1 00 6

0%

50%

100%

150%

200%

250%

300%

250 300 350 400 450 500

BS  (  mm2  )

A
L
P

 R
e
le

a
s
e

R2 = 0.3768

R2 = 0.0694

0%

50%

100%

150%

200%

250%

300%

0.1 0.2 0.3 0.4 0.5

Tb.N

A
L
P
 R

e
le

a
s
e

R2 = 0.1363

R2 = 0.0528

0%

50%

100%

150%

200%

250%

300%

-1 0 1 2

Tb.pf ( mm )

A
L
P
 R

e
le

a
s
e

R2 = 0.22

R2 = 0.0126

0%

50%

100%

150%

200%

250%

300%

0.2 0.25 0.3 0.35 0.4

Tb.th ( mm )

A
L
P
 R

e
le

a
s
e

R2  = 0.082

R2 = 0.1056

0%

50%

100%

150%

200%

250%

300%

0 0.2 0.4 0.6 0.8 1 1.2

SMI

A
L
P
 R

e
le

a
s
e

R2 = 0.0867

R2  = 0.0575

0%

50%

100%

150%

200%

250%

300%

0 1 2 3 4

DA

A
L
P
 R

e
le

a
s
e

R2  = 0.5179 *

0%

50%

100%

150%

200%

250%

300%

2000 2500 3000 3500 4000 4500

Strain ( με )

A
L
P

 R
e
le

a
s
e

Fig.14 Statistical analysis between ALP activity and trabecular microstructural parameters.

( : FSS group, : CCS group, *: P value < 0.05, ANOVA one-way analysis )
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Fig.15 Statistical analysis between PGE2 release and trabecular microstructural parameters.

( : FSS group, : CCS group, *: P value < 0.05, ANOVA one-way analysis )
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IV. Discussion

In this study, 3D trabecular bone scaffolds were manufactured, and trabecular bone

parameters were obtained from micro-CT scanning images using the CTan software. In

the case of the vertebra scaffolds, the structure was denser, more connective, and

almost isotropic, and was typically closed to the plate-like trabecular bone. In the case

of the sternum scaffolds, the structure was highly porous, more disconnective, and

more anisotropic, and was typically closed to the rod-like trabecular bone. The sternum

scaffolds also had more intricate, irregular pore sizes and constitutions than the

vertebra scaffolds and showed a considerable standard deviation in the Tb.sp data.

The use of a custom made spinner flask based cell seeder resulted in plentiful cell

proliferation on the trabecular surfaces of the sternum scaffolds that were cultured for

7 days, whereas no seeded cells were observed in the vertebra scaffolds that were

cultured for the same period. As vertebra bone scaffolds are isotropic and have a

trabecular arrangement that is directional and parallel to the up- and down-interfering

cell solution that flows into the intraspace of the trabecular bone cavities, it is difficult

to apply a spinner flask based cell seeding system to all the types of trabecular bone

scaffolds. Therefore, an oscillatory perfusion system that is known to perfuse a cell

concentrated solution was used with a syringe based bioreactor to enhance the cell

seeding uniformity as well as the cell seeding efficiency in a biomaterial for bone

substitutes32. The results also proved that an oscillatory perfusion system creates a

homogeneous cellular attachment and cell proliferation on the surface of a trabecular

bone scaffold until the 7th day after cell seeding. Although cell proliferation and

distribution were observed in both the vertebra and the sternum scaffolds, the number

of cells in a sternum scaffold that was cultured for over 7 days was not counted.

Excessive ECM (extracellular matrix) formation was observed in the sternum group, as

opposed to the vertebra group (data not shown), and it was assumed that the excessive

ECM secretion inhibited the cells from separating from one another in spite of their
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trypsin-EDTA treatment, and inhibited the cells from detaching from the trabecular

bone surfaces.

Considering that among the aims of this study were to apply the trabecular explant

model to the study of bone cell response to mechanical loading in a 3D culture

environment and to investigate the effects of oscillatory fluid flow induced shear stress

and cyclic compression induced mechanical strain on bone cell response, a bioreactor

system was not used because much of the bioreactor is accompanied by fluid flow

perfusion, thus generating fluid flow induced shear stress and distributing this to the

cells on the 3D matrix26,31,33-38. It was reported that the osteoblast-osteocyte viabilities

continued to be robust up to 8 days in a trabecular explant model under hydrostatic

pressure loading, without a bioreactor27. In this study, it was observed that the cells

proliferated uniformly all over the surface of a trabecular bone scaffold and started

filling the intraspace-forming extracellular matrix on the 7th day. The confluent cell

concentrated barriers (cell polylayers at the outer surfaces of the bone scaffolds) can

be seen on the exterior areas of the scaffolds on the 14thday. In the previous study,

the surface cell layers that resulted from the cell necrosis occurring in the interior

scaffolds were induced by the limited nutrients and oxygen as well as by debris

accumulation39. It was thought that cell necrosis in the interior parts of the scaffolds

would be generated and promoted by extracellular matrix secretion, which restrains the

material transportation to the cells from the exterior parts of the scaffolds to their

interior parts while filling their cavities. Therefore, the proper condition for the study

of bone cell response to mechanical loading in a trabecular bone scaffold was decided

on the 7th day after cell seeding.

In the first study, the effects of bonecell response to mechanical loading in the

vertebra and sternum bone scaffolds were examined. The fluid shear stress enhanced

the ALP activity and the collagen type I and Cbfa1 gene expressions only in the

vertebra scaffolds, while the mechanical strain increased the ALP activity and collagen

type I gene expression only in the vertebra scaffolds. Moreover, although both the
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fluid shear stress and the cyclic compressive strain enhanced the ALP activity and the

collagen type I gene expression, the fluid shear stress yielded higher ALP and

collagen type I values than the cyclic compressive strain did. These results indicate

that the same external forces of fluid shear stress and cyclic compressive strain, which

are applied to bone scaffolds, may be converted and distributed at different magnitudes

of the local forces on a trabecular substrate, depending on the trabecular structure.

BVF, Tb.Pf (trabecular connectivity), and DA have critical differences between the

vertebra scaffolds and the sternum scaffolds. Asit were, the vertebra scaffolds are less

porous, more connective, and more isotropic than the sternum scaffolds. In the

calculation of the fluid shear stress in a 3D matrix, the most important consideration

should be the flow rate and the pore size. It was suggested in a previous study that

in MC3T3-E1 osteoblastic cells that were seeded on human trabecular bone scaffolds

that were perfused for a week at flow rates of 0.01, 0.1, 0.2, and 1.0 ml/min, the

osteogenic mRNA gene expression was the highest in the group that was subjected to

the flow rate of 0.2 ml/min31. As regards the flow rate and pore size in relation to

the mathematical formula for the calculation of the shear stress in a homogeneous

structural biomaterial24, a lower BVF and a higher connectivity may be generated by a

lower magnitude of local fluid shear stress, which was less stimulatory than the

osteoblastic mechanostats in the sternum scaffolds. In addition to BVF and

connectivity, the isotropic property of vertebra scaffolds may improve the stability of

the fluid flow in the vertebra scaffolds, which then enhances the synergistic effect of

the laminar flow to the bone cells on the trabecular substrate. In the case of cyclic

compressive strain, a sternum scaffold has a lower Young`s modulus than a vertebra

scaffold, which results in a triple magnitude mechanical strain compared to that of the

vertebra scaffold. Therefore, it is suggested that the trabecular structure may regulate

the magnitude of the local forces to be converted from the external forces that are

highly related to the bone cell response in a 3D environment.
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In the second study, the response of osteoblasts to mechanical loading in a 3D

trabecular bone scaffold was investigated to define the correlation between trabecular

morphology and bone cell mechanobiological response. The same external forces of

oscillatory fluid flow and cyclic mechanical compression were applied to a trabecular

bone structure, which produced changes in the osteogenic proteins 1 hr after loading.

ALP and PGE2, which are early-stage osteogenic markers related to bone formation or

bone resorption and to the differentiation of osteoblasts, were detected, and then the

protein quantities were compared with the bone microstructural features to determine

which loading has a correlation with the osteoblasts’activities on the surface of the

trabecular bone, regulating the bone cellular sensitivities in accordance with the local

stress distribution.

The magnitude of the external forces is a very significant factor in this study. The

cells respond to a lower magnitude of the fluid-flow-induced shear stress in a 3D

environment than to the fluid shear stress in a 2D environment24,25. Although the

cylindrical pore model has been widely used to estimate the fluid shear stress to

which the cells are exposed in a porous scaffold, such model’s application to the

trabecular bone scaffold hasa limitation because the trabecular bone scaffold has

dissimilar cavities and an irregular geometry38. Interestingly, however, this model is

related to the results of the computational analysis that was performed to evaluate the

relationship between the surface shear stress and the flow rate in a trabecular bone

scaffold. That is, 10% of the magnitude of the shear stress analyzed from a computer

simulation of a trabecular bone scaffold is similar to the magnitude of the shear stress

that was calculated from the pore model in a uniform porous scaffold24,25,31. Based on

such results, a 0.3 ml/min flow rate that does not exceed 1 x 10-2 Pa of the mean

shear stress was calculated. In a compressive strain test, a compression from 0 to -20

N compression was applied, resulting in a vertebra trabecular bone scaffold that was

exposed to microstrain ranging from 2,500 to 4,500, which are similar to the

magnitude of the mechanostats of a trabecular bone that enhance the bone’s formative
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cellular activities in vivo and in vitro1,3,7,40.

After each loading, both the PGE2 release and the ALP activity increased in the

fluid shear group while only the ALP activity increased in the cyclic compressive

strain group. It was reported that mechanical strain induced substrate deformation is

less stimulatory to the bone cells12,21,41. Interestingly, however, the ALP activity was

also increased in the cyclic compressive strain group, that is, cyclic compressive strain

induced substrate deformation may also influence the cellular activity on the surface of

the trabecular bone. Although this study has a limitation in that cellular deformationis

not equivalent in two different types of loading, which makes it difficult to directly

compare the effects of fluid shear stress and cyclic compressive strain on the bone

cells23, it is clear that cyclic compressive strain did not enhance the PGE2 level in

this model. This result may have been due to the effect of the fluid flow on the bone

cells as fluid flow also results in bone cellular activities through the regulation of

chemotransport or the stimulation of the sensory organs, such as the primary cilia, on

the cell membranes14,42,43.

Although the cyclic compressive strain group showed increased ALP activity, its

PGE2 release and ALP activity has only a linear correlation with the trabecular bone

parameters, which are BVF and BS as well as BVF and Tb.N, in the fluid shear

stress group. There are 100% differences in the ALP activity and 400% differences in

the PGE2 release between the lowest and the highest levels of the detective protein.

In the cyclic compressive strain group, there was no relationship between the ALP

activity and the trabecular bone parameters, but the ALP activity was slightly

dependent on the magnitude of the mechanical strain. In this study, the fluid flow

resulted in the exposure of the bone cells on the trabecular surface to the fluid flow

as well as the fluid flow induced shear stress, which is very site-specific in

accordance with the trabecular microstructure, whereas the cyclic compressive strain

generated compression and tension, which are very site-specific in accordance with the

trabecular microstructure. The results of this study indicate, however, that only the
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fluid flow experienced by the cells highly depends on the specific trabecular

microstructure, and that the local fluid flow induced shear stress on the trabecular

bone surface could be volumetrically controlled by the trabecular microstructure. The

statistical correlations between the fluid flow and the trabecular microstructure point to

the fact that the bone cells are more sensitive to the local distribution of fluid flow

induced shear stress than to the local distribution of mechanical strain at least in the

trabecular bone surface. Indeed, cyclic compressive strain induced substrate deformation

is less sensitive to the bone cells than fluid flow induced shear stress is in a 3D

environment, and the bone cells on a trabecular bone surface that are stimulated by

substrate deformation are not related to trabecular microstructural adaptation44.

Furthermore, the fluid perfusion in the trabecular intraspace generated by mechanical

loading, such as hydrostatic pressure, marrow circulation, or mechanical strain, is

related to the specific bone microstructure in the macroscopic bone tissue2,16,45.

It would be better if mechanical strain were related to the osteocytes network

within the lacunacanalicular system of the bone tissue. Mechanical strain is well

known to amplifymechanotransduction from the strain to the fluid flow in the

lacunacanalicular network in the bone tissue, and to regulate bone adaptation to

mechanical loading through the connection between the osteocytes and the osteoblasts,

osteoclasts, or bone lining cells5,6,10,13. A recent study suggests that

dynamic-mechanical-compression-induced osteocyte-osteoblast activation is necessary for

tissue formation in the trabecular explant model in vitro34. Therefore, the mechanical

strain induced fluid flow in the lacunacanalicular system, not the substrate deformation

on the trabecular bone surface by mechanical strain, may be related to trabecular bone

microstructural adaptation through the connection of the osteocytes and the other bone

cells located on the surface of the trabecular bone.

The results of this study suggest that only BVF and Tb.N as well as BVF and BS

have a significant correlation with the PGE2 release and ALP activity of the fluid

flow group. The values of Tb.Th and Tb.Sp in fluid shear, however, also have a
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tendency to increase or decrease. This seems to be because the trabecular bone

parameters are closely related to one another28,46. Bone cellular response to fluid flow,

however, did not show a significant relationship between the SMI or DA value and

the protein quantities. Given the facts that the SMI value, DA value, and mechanical

properties of the bone tissue are related to osteoblast differentiation in the 3D

trabecular bone explant model with osteocytes under the condition of dynamic

compression34, the results of this study suggest that BVF, Tb.N, and BS are related to

the effects of fluid flowin the trabecular intraspace, while the SMI value, DA value,

and mechanical properties of the bone tissue are related to the effects of a mechanical

strain induced fluid flow system within the lacunacanalicular network of the trabecular

bone tissue.

Moreover, the results of this study suggest that the cellular response to mechanical

loading can be designed appropriately within the complex trabecular structure. While

CFD is certainly recommended for tissue engineering application in a scaffold that has

a complex structure25,38, it is still very difficult and unclear if the local fluid shear

stress could be calculated through the complicated geometrical feature. Therefore, it is

suggested that the slope character of the results of this study be made a secondary

consideration in determining the flow rate for tissue engineering application. And also,

we suggest that fluid flow may be a more potent mechanical type to enhance in vitro

bone formation in the field of tissue engineering application.
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V. Conclusion

It was determined in this study that the magnitude of mechanical loading, which

may be converted by the trabecular morphology, is significant to the stimulation of the

bone cells in a 3D environment, and it was concluded that fluid shear stress may be

a more potent and a more primary mechanical stimulus than mechanical strain in

relation to mechanically regulated bone adaptation. The results of this study also

indicate that the trabecular parameters of BVF, Tb.N, and BS are significant factors

that regulate the local shear stress on trabecular structures, and that bone cell response

to fluid flow is a more sensitive and primary mechanical stimulus than cyclic

compressive strain is on the surface of the trabecular bone structure. Considering,

however, that substrate deformation also enhances the ALP activity and the mRNA

level of collagen type I in bone cells responding to cyclic compressive strain, two

types of mechanical stimulation may result in a different cellular mechanotransduction

in the 3D trabecular environment.
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