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Multiple biomimetic approaches have been attempted to accelerate the regeneration of functional bone tissue.
While most synthetic scaffolds are designed to mimic the architecture of trabecular bone, in the current study,
cortical bone like extracellular matrix was regenerated in vitro within organized structures. Biphasic calcium
phosphate (BCaP) and hydroxyapatite (HAp) scaffolds were developed with longitudinal microchannels
(250 μm diameter) that resembled native osteons in cortical bone. BCaP and HAp scaffolds had a compressive
strength of 7.61 ± 1.42 and 9.98 ± 0.61 MPa respectively. The constructs were investigated in vitro to evaluate
the organization and stiffness of the extracellular matrix (ECM) formed by human fetal osteoblasts (HFObs) cul
tured inside the microchannels. The ECM deposited on the BCaP scaffolds was found to have a higher micro
hardness (h) (1.93 ± 0.40 GPa) than the ECM formed within the HAp microchannels (h = 0.80 ± 0.20 GPa)
(p b 0.05) or native bone (h = 0.47 0.74 GPa). ECMdepositionwithin themicrochannels resembled osteoid or
ganization and showed a significant increase in both osteoid area and thickness after 24 days (p b 0.001). These
observations indicate that controlled microarchitecture, specifically cylindrical microchannels, plays a funda
mental role in stimulating the appropriate cellular response aimed at recreating organized, cortical bone likema
trix. These findings open the door for researchers to develop a new generation of cortical bone scaffolds that can
restore strong, organized bone.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Natural bone derives much of its mechanical strength from cortical
bone, specifically through the organization of its osteons. These
microchannel like structures are found throughout cortical bone and
are organized in concentric layers (lamellae). Type I collagen (Col I),
the major organic component of bone, is secreted by osteoblasts during
osteonal development, forming the underlying lamellar structure. Se
cretion of collagen at alternating orientations, followed by mineraliza
tion, gives bone its high compressive strength and toughness [1]. This
process is characterized by the secretion of calcium phosphates (CaP)
crystals by osteoblasts that are then deposited within the extracellular
matrix (ECM) [2]. Bone minerals and other inorganic components give
bone its hardness, whereas the organic component gives it elasticity
[3]. As a result of this organization, bone is a very tough structure,
with cortical bone capable of reaching a compressive strength ranging
between 100 230 MPa, and trabecular bone between 2 12 MPa [4].

Current bone tissue engineering approaches include cell based,
scaffold based and delivery based strategies [5]. However, mechanical
stability is still a major limitation of these scaffolds as tissue engineered

scaffolds thus far can only match the strength range of trabecular bone
[6] making the implants unsuitable to withstand the patients' own
weight without secondary fixation. Increasingly, scaffolds are being in
vestigated for load bearing segmental bone defects [7]. However, few
researchers have developed scaffolds that are stronger than trabecular
bone and can be considered truly load bearing. Developing a load
bearing scaffold is difficult because as the strength of the construct in
creases, the porosity and interconnectivity decrease dramatically [7].

The two factors that have received the most attention in tissue engi
neering are material composition and architecture of the scaffolds [8].
Throughout the last few decades different types of degradable scaffolds
have been developed for bone using ceramics, polymers, and a combina
tion of the two materials. Synthetic hydroxyapatite (HAp) has been used
in the field of bone tissue engineering because of its biocompatibility, bio
activity [9 11] and its resemblance to the inorganic phase of natural bone
[12]. β tricalcium phosphate (β TCP) is the second most used calcium
phosphate material in bioengineering [13 17]. β TCP degrades much
faster than HAp and it is also known for its excellent biocompatibility
andosteoconductivity that stimulates theproliferation anddifferentiation
of cells [14]. Because both materials are well suited for this application,
scaffolds composed of a mixture of HAp and β TCP called biphasic CaP
(BCaP) are commonly seen in the literature [18]. This combination is rec
ognized for its osteoconductivity, bioactivity, biocompatibility and de
gradability [19]. BCaPs have a moderately controllable degradation rate
[20] by changing the ratio of HAp to β TCP [20]. Basic material
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requirements for bone scaffolds are high porosity (60 99%) [19 28], an
open interconnected architecture [29] and high permeability [30].
These factors play a role in determining the capacity of the scaffolds to
provide high surface area and the ability to support blood vessel forma
tion for the transport of nutrients. This has led to bone scaffolds with an
architectural design that resembles trabecular bone [31], with high po
rosity, interconnectivity and fluid conductance. To date, cortical bone
architecture is still a major challenge to recreate and remains virtually
untested in the literature. Consequently, in vitro cortical bone like tissue
development is also virtually unseen. Previous in vivo lamellar bone re
generation has been demonstrated [32], but no characterization at the
micro level has been carried out to show similarity to native bone.

Osteons are continuously formed in bone as it remodels through
time or after injuries. First, osteoclasts resorb the old/damaged bone,
leaving behind small microchannels that are closely followed by a con
tinuous supply of osteoblasts that are being delivered to the remodeling
area by blood capillaries and fluid movements (Fig. 1). Once the osteo
blasts attach to the walls of the resorbed area they start secreting and
mineralizing ECM, until they become entrapped in their own matrix
and differentiate into osteocytes [33]. Thus, native formation and re
modeling of osteons present the microchannel like architecture as a
template for potential biomimetic osteonal regeneration.

In this study we recreated the microarchitecture of cortical bone
with osteonal microchannels with the goal to investigate cortical
bone like growth in vitro. A 3D scaffoldwith longitudinalmicrochannels
spanning the entire length of the construct was developed using two
different materials: BCaP and HAp. Subsequently the osteoblast re
sponse to the microchannel architecture was investigated using
human fetal osteoblasts (HFOb) with single or multiple seedings over

the course of a 24 day in vitro study. It was hypothesized that the artifi
cial microchannels will mimic an osteonal model that will serve as a
scaffold for bone like ECM deposition of a lamellar structure with a spe
cific cellular orientation and organization. This was the first attempt at
recreating a cortical bone like environment for osteoblasts to populate
and form organized osteonal structures in vitro in 3D.

2. Materials and methods

2.1. Fabrication of the CaP scaffolds

Custom designedmolds used to create the CaP scaffolds consisted of
three different parts: a cement cylinder and two holed stainless steel
plates. Dental stone cement (Coecal™ Type III Dental Stone GC
America Inc, Alsip, IL) was mixed with distilled water (3:1 w/v ratio)
and shaped into a cylinder of 20 mmdiameter. Subsequently a hole (di
ameter 10 mm) was drilled in the center to formmolds into which CaP
slurry was cast. Each cement mold measured 20 mm in height. At each
end of the cementmolds two stainless steel plates, 2 mm thickwere at
tached. Each of these platesweremanufactured using small hole electri
cal discharge machining (EDM). Each plate was patterned with 136
holes, each of 700 μm diameter. Fig. 2A C shows the mold assembly.
Once assembled, 26 gauge stainless steel needles (diameter 500 μm)
(McMaster Carr, Atlanta GA) were passed through both metal plates
and were left in place for the casting to serve as the negative templates
for microchannels.

The CaP scaffolds were made by solution casting. Two sets of scaf
folds were made using HAp and 60:40 HAp:β TCP mixture (BCaP).
The nano synthetic CaPs were purchased from OssGen, South Korea. A
liquid suspension for each combination ofmaterials was created follow
ing a previously described method [34]. Briefly, the binders used to sta
bilize the suspension structure included 3% high molecular weight
polyvinyl alcohol, 1% v/v carboxymethylcellulose, 1% v/v ammonium
polyacrylate dispersant, and 3% v/v N,N dimethylformamide drying
agent. The solution was then cast into the constructed molds and
sintered in a high temperature furnace (Thermolyne, Dubuque, IA).
The sintering process profile contained a ramp increase in temperature
of 5 °C/min up to 300 °C with a hold time of 1 h, then up at the same
rate to 600 °C for 1 hour hold, and finally to 1230 °C for a 5 hour hold.
The sintered disks were then cooled at a rate of 5 °C/min until room
temperature was achieved. Within each material type, the
microchannels were created using SS needles. As a result, a total of 2
groups were used for scaffold characterization. Detailed scaffold con
struction technique is shown in Fig. 2D G.

2.2. Scaffold characterization

2.2.1. Mechanical testing
Compressive strength, elastic modulus and toughness of the scaf

folds were measured in this study. Using a sample size of 12 per mate
rial, cylindrical scaffolds (14 mm in length and 7 mm in diameter)
were prepared in order to conform to the 2:1 aspect ratio specified in
the ASTM D695 compression testing standard. Prior to testing, polymer
sheet end caps were used with all scaffolds to minimize edge artifacts,
and scaffolds were equilibrated to 37 °C in distilled water for 12 h
prior to testing. Mechanical testing of the scaffolds was performed in a
hydrated state on an Insight 5 test frame (MTS, Eden Prairie, MN) in dis
placement control mode at a constant strain rate of 1.25 mm/min.

2.2.2. Porosity measurement
Porosity and material density measurements were obtained using

12 samples per group from the solid volume fraction of the scaffold.
True solid volumes of the scaffolds were measured using helium
pycnometry (AccuPyc 1340, Micromeritics, Norcross, GA). The length
and diameter of each scaffold were measured by averaging across
three independent measurements to calculate the volume of the

Fig. 1. Schematic representing bone remodeling. This is the process during which osteons
are formed. Osteoclasts resorb the old/damaged bone followed by the osteoblasts that at-
tach to the cement line and grow from the outside in. As osteoblasts become trapped in
their own matrix, they differentiate into osteocytes.
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scaffolds. Each sample was weighed using a microbalance (AB 135 S/
FACT, Mettler Toledo). This allowed the computation of the porosity as
the void volume fraction and material density as the ratio of scaffold
mass to solid volume.

2.2.3. Micro computed tomography (μ CT) analysis
Twelve scaffolds per group were scanned using micro computed to

mography (micro CT) SkyScan 1076 (Skyscan, Aartselaar, Belgium) at
8.87 μm spatial resolution. The reconstruction thresholds were chosen
such that the reconstructed scaffold volume using Mimics (Materialise,
Leuven, Belgium) matched the volume measured using helium
pycnometry. Morphometric analysis was carried out on CT images
using CTanalyzer vs.1.4 (Skyscan). In order to determine channel orga
nization, histomorphometric parameterswere computed for each of the
scaffolds over the total 3D volume of the scaffold. The parameters com
puted were scaffold volume ratio (SV/TV), scaffold surface density (SS/
SV), inter channel thickness (Ch. Sp.), and channel diameter (Ch. Th.).

2.2.4. Permeability testing
Scaffold permeability was measured using a custom flow apparatus

consisting of a fluid reservoir that fed into a sample chamber and
opened to the atmosphere. The pressure head was thus equal to the
height of the liquid column above the sample chamber. Using Darcy's
Law, permeability is defined as:

k
mμL

AcsρΔP
ð1Þ

where k is the permeability (m2), m is the mass flow rate, μ is the fluid
viscosity, L is the scaffold length, Acs is themean cross sectional area, ρ is
the fluid density and ΔP is the pressure drop across the scaffold. A sam
ple size of 12 scaffolds per group was used for permeability measure
ment and permeability was measured in triplicate for each scaffold.
Distilled water was used for permeability measurement, with all scaf
folds allowed to equilibrate by repeatedly running water through the
scaffolds for 5 min prior to testing. Permeability was then computed
by measuring the volume of water collected over four different lengths
of time through the scaffold.

2.2.5. Material degradation profile
Scaffold degradation was investigated through calcium (Ca2+) re

lease in both neutral (pH = 7.4) and acidic (pH = 6.0) phosphate buff
ered solution (PBS) to recreate physiological wound healing
conditions [35]. Acidic PBS was made by slowly adding 1 M HCl while
continuously stirring the solution to reach a pH of 6.0. Cross sections
of the scaffolds were used to test Ca2+ release in each group (n = 8).

Each section was 2 mm thick and was made using a microtome saw
(SP1600, Leica; Wetzlar, Germany). The samples were placed in a 48
well plate and immersed in 1 mL of PBS (neutral or acidic). Ca2+ re
leased in the PBS was measured at day 1, 3, 5, and 7. Ca2+ release was
measured using a quantitative calcium reagent kit (Pointe Scientific,
Inc. Canton, MI). Specifically, 10 μL of sample PBS solution was
added, to 990 μL of reagent solution. After 5 minute incubation, the calci
um in solution was determined using a plate reader (Biotek Synergy 2
Winooski, VT) by absorbance measurement at 570 nmwith comparison
to an environmental calcium standard control.

2.3. In vitro human fetal osteoblast cell culture study

Investigation of in vitro osteon developmentwas conducted in 2 mm
thick cross sections of the HAp and the BCaP scaffolds. The scaffolds
were sectioned using a microtome saw (Leica SP1600; Wetzlar,
Germany). The samples were then sonicated in 70% ethanol and steril
ized by ethylene oxide (AN74i Anprolene gas sterilizer, Andersen Steril
izers, Inc) for a 12 hour cycle.

Human fetal osteoblasts (HFObs) (Cat. # 406 05f, Cell Applications,
Inc.) were used to evaluate osteon formation in the newly developed
scaffolds. The cells were cultured in growth media containing Dubecco
Modifed Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), and
1% Penicillin Streptomycin Amphotericin B Solution (PSA) (all pur
chased from Invitrogen, USA). When cells reached confluence on the
cell culture flask, the HFObs were washed with phosphate buffered sa
line (PBS) and then 0.25% Trypsin/EDTAwas added in osteogenic induc
tion media (DMEM, 3% FBS, 1% PSA, 10 mM Glycerolphosphate, 50 μg/
mL Ascorbic acid and 10nM Dexamethasone). The cells in solution
were counted (Z2 Coulter® Particle Count and Size Analyzer; Beckman
Coulter™ Brea, CA) and seeded on the disks at a density of
55,000 cells/cm2. Four time points were tested: 6, 12, 18 and 24 days
(n = 6). At the end of each time point the samples were washed in
PBS and fixed in 4% formaldehyde. Osteogenic induction media used
in this study stimulates bone precursor cells to differentiate into osteo
blasts, allowing ECM deposition and mineralization, but limited prolif
eration. When attempting to grow an osteonal structure in vitro, it is
necessary to recreate the continuous delivery of cells as it occurs
in vivo. Therefore, multiple seedings every 3 days were performed on
each scaffold, so that new undifferentiated cells could attach to the cel
lular wall and mature into osteoblasts.

2.4. Mechanical ECM characterization of the artificial osteons

Representative disks from each investigated group were tested to
determine the mechanical properties of the cell's ECM depositions.

Fig. 2. Cross section e-drawing (A) of the molds used to create the cortical scaffolds. Each mold was made of a cement block (C) and two metal plates with 136 holes (B). D–G — Step-
process used to create the cortical scaffolds. (D) First, themoldswere assembledwith the 3 pieces: the cement block (middle), and the twometal plates. (E) Themetal plateswere lowered
into the cementmoldwhere (F) the CaP slurrywas injected. (G)Only at this pointwere the SS needles passed through the holes of eachmetal plate. After the sampleswere lyophilized the
needles were removed and the scaffolds were sintered.
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The cells on the surface of the disks were gradually dehydrated in etha
nol to preserve cellular structure. Specifically, the disks were moved
into a 20/80 (vol/vol) ethanol in water for 4 h, then 40/60, 60/40, 80/
20, and 100% ethanol two more times for the same duration. The disks
were then epoxied onto a 3 cm diameter metal cylinder using a very
thin layer of epoxy glue. Using a commercial nano indenter (MTS
nano indenter XP, MTS System Corporation, MN), the reduced elastic
modulus (Er) and themicrohardness (H) of the deposited ECMwere de
termined. Beforemeasuring each group the nano indenter locationwas
calibrated using a 5 indent template. The indenter's microscope objec
tive (20×) was then used to find the cell layers along the perimeter of
the microchannels. For each experimental group the indents were
made within the edges of the microchannels where cell growth was
seen. The indents were performed using a Berkovich tip and a standard
trapezoidal loading profile with a loading rate of 250 μN/s until a max
imum load of 500 μNwas applied [36]. Er and Hwere determined using
a previously describedmethod [37]. Briefly, the Young'smodulus for the
tested material (Em) was calculated by assuming that the cells had a
Poisson's ratio (vm) of 0.3. For the diamond indenter the Young'smodu
lus (Ei) was set to 1140 GPa, with a Poisson's ratio (vi) of 0.07. Eq. (2)
was used to calculate Em [37]. Hardness instead was calculated using
Eq. (3).

Em
1−v2m

1
Er

−1−v2i
Ei

ð2Þ

H
Pmax

A
Pmax

F hcð Þ ð3Þ

in which Pmax is the peak load and A is the projected area of contact at
peak load evaluated by a function which relates the cross sectional
area of the indenter to the vertical distance from its tip (hc) [37].

The modulus and hardness readings that fell into the control HAp
readings ± standard deviation were discarded where the indent was
measuring the actual CaP layer and not the cell ECM. A total of 100 ran
dom tests were performed from each disk.

2.5. In vitro osteoid development and cell orientation characterization

After being fixed in 4% formaldehyde, 2 disks per group were ana
lyzed for osteoid development within 10 random microchannels. Each
sample was analyzed using a light microscope at 10× magnification.
Using the software Bioquant Osteo system (Bioquant Osteo 2010, Nash
ville, TN), the original microchannel area and perimeter were found, as
well as the osteon area and thickness. In the instance that the osteoid

bridged across the microchannels, the width of the cell growth was av
eraged between the bridge fibers and the structure along the perimeter
of themicrochannels, giving false negativemeasurements of osteoid se
cretion thickness. Fig. 3 is a graphical depiction of the osteoid formation
and its analysis.

A total of 20 randommicrochannels per groupwere used for cell ori
entation analysis. The disks were first washed in PBS, following which
the cell membrane was permeabilized in 0.1% Triton X 100 in PBS
(PBS T) for 1 h. The samples were washed again in PBS and sectioned
in two halves to expose the inner longitudinal walls of the
microchannels. The two halves were placed back on the well and a
drop of ProLong® Gold Antifade with DAPI was added. After a 12 hour
incubation at 4 °C with the DAPI stain, the disks were analyzed under
fluorescent microscope (SFL7000, Leica) for nucleus orientation. Twen
ty random images were taken throughout the disks from inside the ar
tificial microchannels. Because the disks had cells growing on a three
dimensional substrate, the quantification of the cells was performed
on the valley of the microchannels. The DAPI stained nuclei were used
to determine the angle of orientation of the cells with respect to the
microchannel direction. This was done assuming thatwhen the nucleus
of the cell was elliptical in shape, the long axis of the nucleus matched
the long axis of the cytoskeleton of the cell [38]. Cells undergoingmito
sis were not measured for alignment. Images were analyzed using
Bioquant Osteo system (Bioquant Osteo 2010, Nashville, TN). The
angle of the cell was measured in degrees, with 0° being parallel to
the microchannel direction, and 1 to 90° and 1 to 90° being of an
angle to the right or to the left of themicrochannel respectively. A sche
matic to describe this quantification is shown in Fig. 3.

2.6. Statistical analysis

All data were reported as average ± standard error. The statistical
test used to analyze the data was a two way analysis of variance, and
Tukey's comparison test was used to determine statistical significance
between individual groups. All statistical tests were performed using
SigmaPlot® (version 11.0, Systat Software, Inc.). Differences were con
sidered significant at p b 0.05. The difference between variances of dis
tribution was evaluated using an F Test (MedCalc® V 12.2.1.0).

3. Results

3.1. Scaffold characterization

3.1.1. Mechanical testing
Compressive strength, modulus and toughness were determined

with compressive testing (Fig. 4A C). A total of 2 scaffold materials
were tested (HAp, BCaP). No significant difference was seen in the

Fig. 3. (left) Drawing depicting themeasurements performed in the in vitro osteoid secretion. The area (A) and perimeter (dotted line— B) of themicrochannel weremeasured, then the
area of the osteoid secretion (grayed area, C), and last the average osteoidwidth (D). (Right) Graphical representation of the technique used tomeasure the orientation of the cells growing
in the flat control HAp disks. Particular attention was paid to avoid bias orientation due to themeniscus effect due to themedia on thewell plate wall during cell culture. This was accom-
plished bymeasuring the cells from top to bottom and from left to right. When the long axis of the cell nuclei was parallel to the direction of themicrochannels the angle was set to 0°. All
the cells that were angled to the right were measured anywhere between 0 and 90°, whereas the cells angled to the left were measured with a negative number, 0 to 90°.
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compressive strength between any of the groups. Statistically, themate
rial and the construction technique had no effect on the maximal
strength. The primary mode of failure observed in all samples tested
was initial longitudinal cracking along the surface layer of the scaffold
resulting in the formation of slender beams and followed by secondary
crack propagation in the scaffold interior. Final structural collapse was
observed following failure of the slender surface beams in flexure and
progressive crushing of the interior porous structure.

The compressive modulus was also calculated from the compressive
testing as the slope of the initial linear region of the stress strain curve.
The results did not show any differences between the HAp scaffolds and
theBCaP constructs. Similarly, the compressive strengthdid not demon
strate significant difference.

The last value analyzed from the mechanical testing was toughness.
This was calculated as the area under the stress strain curve to failure
(defined as ability to carry b20% of peak load). It was observed during
testing that the post yield stress levels at which further crack propaga
tion occurred in the microchannel were high. No significant differences
were seen between the materials used to create the microchannels.

3.1.2. Architectural characterization
Porosity measurements were obtained by solid volume fraction

technique. Data consistently demonstrated that themethodused to rec
reate the microchannels in the scaffolds had a significant effect on the
porosity of the HAp (p = 0.004) and BCaP (p = 0.003) scaffolds. The
different CaP materials had no influence on porosity, and no specific
trend was observed. Table 1 shows the detailed results.

No significant differences were observed in scaffold surface density
between the experimental groups, indicating that the available surface
area for cellular attachment was similar in all groups (Table 1). No

significant differences were observed within the 2 groups tested in
terms of channel thickness (Ch. Th., diameter of the channels) based
on the type of calcium phosphate used. This result demonstrated that
the channel sizes were all comparable within the manufacturing pro
cess and allows for a direct comparison between groups of in vitro cell
response.

Density measurements were determined from using helium
pycnometry and weight measurements (Table 1). Unlike the porosity
readings, themicrochannel fabricationmaterial had no significant impact
on density. A significant difference was expectedly seen between the dif
ferent CaP materials used to create the scaffolds. The HAp constructs had
significantly higher density than the BCaP group (p b 0.001).

3.1.3. Permeability testing
Permeability testing was conducted on the different scaffolds

(Fig. 4D). Thematerial used to create the scaffolds had no significant dif
ference, though a trend was seen in which the BCaP group had higher
porosity than the HAp.

3.1.4. Material degradation profile
The calcium released from each sample group was determined for

7 days, until linear release was seen. The samples submerged in the
6.0 pH solution showed higher release than the samples submerged in
the neutral pH PBS. Within the wound pH testing, the Ca2+ released
from the HAp was determined to be statistically lower than the BCaP
group starting from the day 2 reading (p b 0.001). Within the physio
logical testing, no significant changes between the materials' Ca2+ re
leased was seen. Fig. 5 shows the results.

Since both HAp and BCaP had reached linear degradation profile
after day 1 (R2 = 0.969) the cumulative Ca2+ levels for day 24 were

Fig. 4.Histograms representing (A) compressive strength, (B) compressive modulus, and (C) compressive toughness. Compression testingwas performed on scaffolds built of two differ-
ent materials: HAp and BCaP. Each group of scaffolds hadmicrochannels built with stainless steel needles. n = 12 for each group. (D) Permeability results show no significant differences
between the HAp and BCaP scaffolds. No significant differences seen between any of the groups. All data shown as mean ± standard error.
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calculated and demonstrated the overall amounts of Ca2+ potentially
available for cell induced mineralization.

3.2. In vitro osteoid development and cell orientation characterization

Cell orientation within the walls of the artificial microchannels was
assessed from nuclei orientation with regards to the microchannel
length. The individual materials and the individual types of seeding
were also investigated over the length of the study to determine the
role of these factors in cell orientation. These findings are shown in
Fig. 6. At day 24 both the seeding type and the scaffold material played
no role in cellular organization (Fig. 7).

In vitro osteoid formation was evaluated throughout 24 days in the
developed scaffolds. A total of fourmeasurementswere used to quantify
osteoid development within each microchannel (osteon). The first pa
rameter measured was the area of the new osteoid formation normal
ized by the area of the original microchannel to account for slight
changes. The results showed that from day 12 to 24 the number of cell
seedings made a significant difference in the volume of the osteoid de
posited (p b 0.001) both within the HAp scaffolds and the BCaP scaf
folds. In the HAp scaffolds, time showed significant differences both
within the single and the multiple seedings. The single seedings
(Fig. 8A) demonstrated significant differences between day 18 and 24
(p = 0.002) and between days 24 and 12 (p = 0.008).Within themul
tiple seedings, significant differences were seen between days 6 and 12,

Table 1
Architecture characterization of calcium phosphate scaffolds determined by helium pycnometry andmicroCT. (SS/SV— scaffold surface density, Ch. Sp.— inter-channel spacing, Ch. Th.—
channel thickness or diameter). Superscript letters indicate the statistical differences between the CaP materials.

HAp HAp-TCP TCP

PU SS PU SS PU SS

Porosity 21.0 ± 1.61⁎ 31.0 ± 1.1⁎ 26.8 ± 1.82^ 33.2 ± 0.4^ 20.0 ± 1.31# 31.8 ± 1.8# %
SS/SV 5.46 ± 0.3 6.63 ± 0.2 6.57 ± 0.3 7.86 ± 0.2 5.44 ± 0.3 7.66 ± 0.7 1/mm
Ch. Sp. 539 ± 18⁎ 420 ± 16⁎ 462 ± 17^ 384 ± 5^ 533 ± 15# 400 ± 21# μm
Ch. Th. 307 ± 23 377 ± 20 377 ± 39 363 ± 3 296 ± 39 335 ± 8 μm
Density 3.180 ± 0.001 3.174 ± 0.01a 3.142 ± 0.012 3.136 ± 0.00b 3.133 ± 0.012 3.117 ± 0.00b mg/cm3

Fig. 5.Histograms showing the cumulative Ca2+ released curves for the twomaterials used to create the scaffolds: HAp and BCaP. A) Ca2+ released in the wound pH (6.0); B) The Ca2+
released in the physiological environment reaches linear release after day 2 (R2—HAp:0.9845; BCaP: 0.9877). n = 8 for each group. All data shown asmean ± standard error. *p b 0.05;
~p b 0.001.
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18, 24 (p b 0.001), and between days 12 and 24 (p = 0.018). The area
of the osteoid formation amongst the BCaP scaffolds (Fig. 8B) was influ
enced by time. Specifically, when analyzing within the single seedings,
significant differences were seen between days 6 and 18 (p = 0.001)
and between days 6 and 24 (p = 0.042). More significant differences
were seen within the multiple seedings groups, and specifically be
tween days 6 and all other days (p N 0.005).

The second parameter measured was the average width of the new
osteoid deposition, reported as % osteoid bridging. When analyzing the
HAp scaffolds, (Fig. 8C) a few significant differences between the
seedings were seen. At all four time points the multiple seeding groups
demonstrated significantly higher osteoidwidth than the single seeding
groups (p N 0.001). Further significant differenceswere seenwithin the
multiple seeding groups across time. Specifically, day 6 was different

Fig. 6. Role of seeding and scaffoldmaterial on cellular organization. The narrower and the higher the frequency curve was, the higher the organization of the cells. A) The progress of the
Hap scaffoldswith single seeding over time. Significant differences between the variances were seen between day 6 and 12 (p b 0.001) and between day 6 and 18 (p = 0.001). B) shows
the change in cell organization of the HAp scaffold with multiple seeding over the 24 days. Significant differences were seen between day 6 and 12 (p b 0.001), 18 (p b 0.001) and 24
(p = 0.003). (C) shows the progress of the BCaP scaffolds with the single seeding over time. Significant differences were seen between day 6 and 12 (p = 0.036) and 18 (p b 0.001).
On the bottom right (D) are shown the changes in cell organization of the BCaP scaffolds with multiple seedings. No significant differences were seen in the curve variances (F-Test).
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from days 12, 18 and 24 (p b 0.001). Day 12 was different from day 24
(p b 0.001). The same differences were seen in BCaP scaffolds (Fig. 8D),
where day 6 was different from day 12, 18 and 24 (p = 0.003). Fig. 9
shows the osteoid formed within the HAp (Fig. 9A B) and the BCaP
(Fig. 9C D) microchannels over a 24 day period (Fig. 9 left to right).
The difference between the single (Fig. 9A C) and the multiple
(Fig. 9B D) cell seedings can also be seen.

3.3. In vitro mechanical ECM characterization of the artificial osteons

In vitro cell culturewas performedonly on (HApand BCaP), and each
material had been seeded either only one time (single seeding) or every
3 days (multiple seeding) for the duration of the study. β TCP was not
used because of the high clinical levels of Ca2+ released in vivo. Hard
ness and modulus of the newly deposited ECM around the walls of the

Fig. 7. Frequency graph of the cellular organization at day 24 for the single seedings (A) and for themultiple seedings (B). The narrower and the higher the frequency curvewas, the higher
the organization of the cells. No significant differences were seen in the curves. Statistical significance was analyzed between variances using an F-Test. Frequency graph of the cellular
organization at day 24 for the HAp group (C) and for the BCaP group (D). The narrower and the higher the frequency curve was, the higher the organization of the cells. No significant
differences were seen in the curves. Statistical significance was analyzed between variances using an F-Test.
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artificially created microchannels was assessed in this study using a
nano indenter. The test was performed at day 24 from 50 random
microchannels. The hardness values show that cell seeding did not
play a significant role in the hardness of the ECM. However, a significant
difference in ECM hardness was seen between the different material
groups used to build the scaffolds. The ECM deposited on the HAp scaf
fold had significantly lower hardness values than that of the BCaP. This
was valid for both the single (p = 0.014) and themultiple (p = 0.035)
seeding groups. The higher hardness value was seen in the BCaP single
seeding with 1.94 GPa, whereas the lowest value was 0.78 GPa in the
HAp, multiple seeding group. Modulus measurements ranged between
25.23 and 18.69 GPa, which corresponded to the BCaPmultiple seeding
and the HAp single seeding respectively. No statistical significance was
seen between the samples, which indicate that neither the material
nor the number of seedings had an effect on ECM moduli. However, a
trend was observed in which the ECM deposited in the BCaP scaffolds
had higher moduli values. Fig. 10 shows these results. The value of the
ratio of BCaP hardness toHAp hardnesswas found to be 2.42 for the sin
gle group and 2.27 for the multiple groups.

4. Discussion

Most bone tissue engineered scaffolds currently being investigated
resemble the architecture of trabecular bone, with large, interconnected
pores [15]. The purpose of this research was to develop a 3 D bone like
architecture that mimics cortical bone rather than trabecular bone. This
was the first time this type of scaffold architecture was built, and repli
cating osteon like microchannels in CaP materials was quite challeng
ing. The ability to recreate in vitro osteonal formation is important as it
can be potentially used to create a tissue engineered scaffold to recreate
mechanically sound cortical bone rather than disorganizedwoven bone.

Two different materials were used to construct the scaffolds: HAp
and BCaP (a 60:40 w/w mixture of HAp and β TCP). This combination
of calcium phosphate materials has been previously attempted and
has reported strong biocompatibility and active surfaces [19] as well
as acceptable resorption rates that match bone formation [20]. Stainless
steel needles were used to mold the microchannels during scaffold fab
rication in an attempt to recreate the artificial osteon templates. These
needles were rigid, and μ CT characterization showed no interconnec
tivity between neighboring channels as they were very uniform and
precise throughout the scaffold length. Direct cellular interaction with
the biomaterial required precise channels with high permeability to
support cellular growth, and the ss needles used as porogens in the scaf
folds were appropriate for fabrication. However, naturally occurring
osteons and Haversian systems do have interconnections (Volkmann's
canal) and thus it would be of great interest in the future to develop in
terconnectivity between the microchannels.

Calcium release was investigated on our scaffolds by submersion in
PBS solution for 7 days. Normally calcium release is studied in neutral
pH conditions (pH = 7.4). However, during trauma and in wound
healing conditions, this pH is dramatically reduced anywhere between
5.5 and 6.5. This occurs as a defense response to local inflammatory re
sponses andpossible infections [35]. Thus, to determine amore accurate
calcium release curve of the materials, and to ensure that toxic levels of
Ca2+were not present, the degradation profile inwound healing acidity
(pH = 6.0)was also determined. Not surprisingly, the acidic conditions
significantly increased the amount of Ca2+ released in both construct
formulations. It was determined that even the highest levels of Ca2+ re
leased during degradation were lower than the physiologically toxic
levels of Ca2+ in the body (10 mmol) [39]. Degradation profiles of CaP
materials have been previously reported [40]; unfortunately the differ
ences between all the CaP powders available, and the manufacturing

Fig. 8.Histograms showing the results of the in vitro osteoid characterization. A) shows the osteoid area within the HAp scaffolds. Multiple seedingswere helpful in increasing the osteoid
area at days 12, 18 and 24. Time also had a significant effect on osteoid secretion in both themultiple and the single seedings. B) shows the osteoid secretionwithin the BCaP scaffolds. As in
the HAp groups, multiple seedings had a positive effect on osteoid secretion at days 12, 18 and 24. Time also had a significant effect on the osteoid secretion. Themultiple seeding groups
increased in size from day 6 on, whereas the single seedings demonstrated a decrease in area from day 12 on. All data shown as mean ± standard error. ~p b 0.001.
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and sintering processes used by researchers have rendered it infeasible
to compare all the different scaffolds in the literature [41 46].

To evaluate the mechanical properties of the scaffolds and to dem
onstrate their ability to possibly function as load bearing constructs,
compressive testing was required. Three different measurements were

determined: the compressive strength, modulus and toughness. The
compression strength recorded in this study varied from 3.3 to
18.7 MPa, with an average of 8.4 ± 4.05 MPa. Comparatively, the com
pression strength of cortical bone is in the range of 100 230 MPa4,
which is an order of magnitude higher than our recorded values. The

Fig. 9.Brightfieldmicroscopy (100×magnification) photographs of the osteoid secretion inside themicrochannels. (A,C) osteoid secretion inside theHAp (A) and BCaP (C)microchannels
at 6, 12, 18, and 24 days (left to right). Because only a single cell seedingwasperformed at day 0, and because the cellswere cultured in osteogenicmedia, noproliferationwas seen and the
osteoid area remained unchanged. (B, D) osteoid secretion in the HAp (B) and BCaP (D) microchannels during 6, 12, 18, and 24 days (left to right). These scaffolds received multiple cell
seedings every 3 days and thus the increase in osteoid secretion was seen over time. Notice at day 24 that the secretion forms bridges within the microchannel, which account for the
sudden decrease in osteoid-secretion thickness while maintaining high surface area measurement.

Fig. 10.Micro-hardness (A) and reducedmodulus (B) of the freshly depositedECM in the artificial osteon. The readingswere performedafter 24 days of in vitroHFObculture in 2 mm thick
sections of the scaffolds. Thematerial used for the constructswereHAp and BCaP. Different numbers of cell seedingswere investigated: single initial andmultiple seedings every 3 days. A)
ECM hardness shows that thematerial with which the scaffolds were constructed had a significant effect on the ECM deposition (p b 0.05). B) No significant differences were seen in the
modulus values at day 24, only a visible trend was observed in which the BCaP scaffolds had higher moduli than the HAp groups. All data shown as mean ± standard error.
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compressive strength of trabecular bone instead ranges between 2 and
12 MPa4. It should be considered that while the porosity of natural tra
becular bone and cortical bone are 30 90% and 5 13% respectively [4],
the porosity for the scaffolds used in this study was 59.8 ± 7.7%
which is more similar to dense trabecular bone than cortical bone.
Thus the scaffold design, though architecturally similar to native cortical
bone, showed biomechanical characteristics similar to that of dense tra
becular bone.What remains to bedetermined iswhether this kind of ar
chitecture will gain strength in vivo when the microchannels are filled
with cells and ECM. Throughout these results there were no significant
differences between the HAp and BCaP used to build the scaffolds and
there were no clear trends that favor one material over another.

The different scaffold materials had overall porosities that ranged
between 61.6 (HAp) and 65.2% (BCaP). Tissue engineered scaffold re
quirements for porosity are between 60 and 99% [19 28].When analyz
ing the density results, the type of CaP used played a significant role. The
HAp group was far denser than BCaP group. The material density for
HAp was 3.17 ± 0.01. This compares well with the absolute material
density of HAp (3.1) [4].

Permeability testing performed on the scaffolds demonstrated signifi
cantly high fluid flow through both the HAp and BCaP groups with prac
tically no differences in between. This result was due to very similar
sample geometry. Permeability, or fluid conductance, has been indicated
by Hui et al. as the only way to predict in vivo success. In the same study
threshold conductance was determined to be 1.5 × 10−10m3s−1 Pa−1

[30]. In our experiments, the permeability values ranged between
8.82 × 10−7 m2 and 2.90 × 10−7 m2, and the conductance values
ranged from 6.9 × 10−10to 2.1 × 10−9m3s−1 Pa−1, values which were
4 to 10 fold higher than the suggested threshold. In fact, all of the mea
sured conductance values were an order of magnitude higher than the
suggested minimum. In the future, when testing the cortical scaffolds in
an animal model, we can expect that vascularization and the formation
of osteoid tissues will likely be attained [30].

This study demonstrated osteoid like ECM formation in artificial
microchannels. This was seen without the use of a bioreactor and artifi
cial fluid flow and thus the tissue formation was seen close to the sur
face of the microchannels. However, when the scaffolds were analyzed
for cell orientation, cells were seen to uniformly coat the wall surfaces.
The osteoid formation in themicrochannelswas significantly influenced
by the number of cell seedings on the scaffolds as well as the total time
in culture. The material used to fabricate the scaffolds was not found to
affect the osteon like ECMdeposition. The same trend of matrix deposi
tion was seen in both osteon area and in the osteon width within chan
nels. Specifically, the matrix synthesis over time within the single
seeding group was not significant. This was an expected finding since
the cell culture was exposed to dexamethasone, which is a glucocorti
coid steroid that promotes osteoblast progenitor differentiation and
stops proliferation. Matrix synthesis was markedly different for the
multiple seeded groups. Consistent increases in osteonal area were
seen up to day 24, whereas osteonal width only increased up to day
18, with a sudden decrease at day 24. This was likely due to bridge for
mation within the microchannels, which accounted for high surface
area, but relatively low osteon thickness. Growth of cells inside
microchannels is normally investigated inside tissue engineered scaf
folds for blood vessel substitutes [47], in which epithelial cells attach
on the walls of a scaffold to recreate the original blood vessels [48].
The experiment described in this research has not previously been
shown on such amicro patterned level. In fact, the average blood vessel
scaffolds measure at least a fewmillimeters in diameter [47], so the act
ing forces, themicro environment and thefindingswere not fully repre
sentative of this research. Other cell matrix synthesis studies inside
microchannels do not involve a full 3D substrate, but rather grooves in
a substrate material as seen in an article by Holtaus et al., in which mi
crogrooves were developed using a micro molding technique on HAp
to investigate cellular orientation [49]. This work represents an initial
study using the novel scaffold platform developed to study the effect

of local scaffold micropatterning in the form of channels instead of
beams [50] on tissue morphogenesis.

Nano mechanical testing of the ECM deposited inside the
microchannels was also performed to determine the influence of the
materials tested and cell seedings on the ECM. Microhardness values
at day 24 showed that the type of CaP powder used had a significant ef
fect on ECM synthesis. Specifically, the ECM grown in the BCaP scaffolds
had significantly higher microhardness than that deposited in HAp sub
strates. It is possible that higher hardness values were due to higher de
grees of mineralization of the extracellular matrix. These findings
correlated with the material degradation studies, which showed that
day 7 calcium released levels not to be significantly different between
HAp and BCaP. However, comparing the predicted calcium release for
the HAp and BCaP at day 24, it was speculated that the BCaP's ECM
was found to have higher microhardness values potentially due to the
elevated [Ca2+] that was available for the osteoblasts to initiate miner
alization. Further evidence included the ratio of BCaP hardness to HAp
hardness (single: 2.42; multiple: 2.27) showed a similar trend to the
ratio of BCaP Ca2+ release to the HAp Ca2+ release (1.73) at day 24 of
the study but requires validation to prove correlation. The second
value measured from the nano indentation was the elastic modulus of
the ECM. Neither the scaffold material nor the number of cell seedings
demonstrated an impact on the ECM modulus. However, it was ob
served that the BCaP scaffolds had slightly higher modulus values. In a
previous study by our group [51], the ECM was tested on the surface
of micropatterned disks with cross sectional microchannels of different
diameter. The nano mechanical findings in this study were comparable
to those in this concave disk study further underlying that the observed
effect is attributable to theunderlying substrate curvature. The hardness
of the deposited ECM of the 250 μm microchannel diameter disk was
0.76 ± 0.14 GPa, which was comparable to 0.80 ± 0.20 GPa and
0.778 ± 0.196 GPa for the single and multiple seeding groups, respec
tively. The samewas valid for themodulus values, in which the concave
disk substratemeasured at 21.46 ± 2.33 GPa and the 3D scaffoldsmea
sured at 18.69 ± 3.70 GPa (single seeding) and 19.49 ± 8.42 GPa
(multiple seeding). For comparison, the hardness values of previously
reported human bone samples range between 0.47 and 0.74 GPa
[36,52 55]. The experimental values from this researchwere of a slight
ly higher hardness than what has been previously reported for the re
duced elastic modulus of dehydrated human bone, which was
12.40 GPa [36,52 55]. It was hypothesized that the reason this group
tested above cortical bone average was because the experimental
setup in this study allowed us tomeasuremodulus and hardness direct
ly on the surface of the osteon lamellae.

5. Conclusions

Overall, in this study it was demonstrated that it was possible to rec
reate cortical bone like scaffold architecture that was consistent, repro
ducible and could be well characterized. It was also determined that
microchannels created using stainless steel needles were very consistent
and had high fluid perfusion and conductance. Strong evidence of osteon
like organization and mineral deposition was also observed in vitro.

Moreover, it was determined that the BCaP material was preferred
over the HAp because of both the higher degradation profile and also
because itmay increase the availability of Ca2+ to osteoblasts during os
teoid formation for mineralization, which demonstrated improved
hardness of the ECM. Apart from affecting the quality of the ECM depo
sition, material properties were not found to have any other effects on
osteoid growth. It was determined that multiple cell seedings, as well
as duration of in vitro culture, have a significant role in increasing the
size of the osteoid matrix synthesis within the channels. In summary,
results indicated that the cortical microchannel scaffolds show the ap
propriate initial mechanical and transport properties, as well as
in vitro cell response to suggest their suitability to be tested for load
bearing graft applications in pre clinical models.
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