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The objective of the present work was to evaluate the in vitro cellular response to hydroxyapatite (HA)
scaffolds with oriented pore architectures. Hydroxyapatite scaffolds with approximately the same porosity
(65–70%) but two different oriented microstructures, described as ‘columnar’ (pore diameter=90–110 μm)
and ‘lamellar’ (pore width=20–30 μm), were prepared by unidirectional freezing of suspensions. The
response of murine MLO-A5 cells, an osteogenic cell line, to these scaffolds was evaluated using assays of
MTT hydrolysis, alkaline phosphatase (ALP) activity, and alizarin red staining. While the cellular response to
both groups of scaffolds was better than control wells, the columnar scaffolds with the larger pore width
provided the most favorable substrate for cell proliferation and function. These results indicate that HA
scaffolds with the columnar microstructure could be used for bone repair applications in vivo.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Unidirectional freezing of suspensions provides a method for
preparing porous bioceramic scaffolds with an oriented microstruc-
ture [1–9]. The method involves rapid unidirectional freezing of an
aqueous suspension of fine particles in a nonporous mold, and
sublimation of the frozen solvent under cold temperatures in a
vacuum. After drying, the porous construct is sintered to densify the
solid phase, thereby improving the mechanical strength without
significantly altering the porosity between the solid phase which
resulted from sublimation of the frozen liquid. The microstructure
and, hence, the properties of the final sintered construct are
determined essentially by the concentration of particles in the
aqueous suspension and the freezing rate.

Because of the hexagonal crystal structure of the growing ice
columns, unidirectional freezing of aqueous suspensions typically
results in a lamellar-type microstructure, in which the lamellae and
inter-lamellar pores are oriented in the direction of freezing [3,6].
Hydroxyapatite (HA) scaffolds with inter-lamellar pore widths in the
range of 10–40 μmhave beenprepared from aqueous suspensions. Our
recent work showed that by manipulating the solvent composition of
the HA suspensions, porous scaffolds with drastically different
oriented microstructures could be obtained by the unidirectional
freezing method [6]. The addition of 5–20 wt.% glycerol to the

suspension resulted in the formation of a rectangular-type micro-
structurewith finer pores (porewidth=5–20 μm). On the other hand,
the addition of 60 wt.% 1–4 dioxane resulted in a columnar-type
microstructure with much larger pores, approximately circular in
cross section (diameter=90–110 μm). The formation of these
different oriented microstructures is discussed in detail elsewhere [8].

These oriented HA microstructures obtained by unidirectional
freezing of suspensions mimicked those of natural materials, such as
trabecular bone, cork, and wood [10]. When tested in the direction of
pore orientation, the HA scaffolds (porosity=65–70%) showed
compressive strengths of up to 15–20 MPa, far higher than the
compressive strengths reported for trabecular bone (2–12 MPa). The
scaffolds also showed a unique ‘elastic-plastic’ response in compres-
sion, with a large deformation for failure (N20%), and strain rate
sensitivity [7,8]. This type of mechanical response, which is unlike the
brittle response of ceramics, is more characteristic of natural materials
[11–16].

Based on the unique mechanical response and the favorable pore
characteristics of the HA scaffolds with the columnar microstructure,
this in vitro investigation was undertaken to evaluate the ability of
these columnar scaffolds to support cell proliferation and function. For
comparison, the cellular response to the lamellar scaffolds was also
evaluated. MLO-A5 cells, an established osteogenic cell line, were
chosen for these experiments because of its highly elevated expres-
sion of osteogenic phenotype traits such as alkaline phosphatase
activity and mineralization [17,18]. The ability of the scaffolds to
support the attachment, infiltration, proliferation, and differentiation
of MLO-A5 cells was evaluated to assess the potential application of
these scaffolds in bone repair and replacement.
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2. Materials and methods

2.1. Preparation of HA scaffolds

Hydroxyapatite scaffolds with an oriented microstructure were
prepared by unidirectional freezing of suspensions as described in detail
elsewhere [6]. Briefly, the suspensions contained 10 vol.% HA particles
(average particle size b1 μm; Alfa Aesar, Haverhill, MA), 0.75 wt.%
dispersant (Dynol 604; Air Products & Chemicals, Inc., Allentown, PA),
and 1.5 wt.% binder (DuPont Elvanol® 90-50; DuPont, Wilmington,
DE). Aqueous suspensions, as well as aqueous suspensions containing
60 wt.% dioxane (Fisher Scientific, St. Louis, MO) were used to prepare
HA scaffolds with approximately the same porosity (65–70%) but with
widely different pore characteristics. Unidirectional freezing was
performed by pouring the suspensions into poly(vinyl chloride), PVC,
tubes (~10 mm internal diameter×20 mm long) placed on a cold steel
substrate at−20 °C in a freeze dryer (Genesis 25 SQ Freeze Dryer, VirTis
Co., Gardiner, NY). After sublimation of the frozen solvent in the freeze
dryer, the constructs were sintered in air for 3 h at 1350 °C (heating and
cooling rate=3 °C/min). Scaffolds (~8 mm in diameter×2 mm thick)
for cell culture experiments were prepared by sectioning the sintered
constructs using a diamond-coated blade, washing 3 times with
deionized water and ethanol, and dry-heat sterilized for 24 h at 500 °C.

2.2. Cell culture

The established MLO-A5 post-osteoblast/pre-osteocyte murine cell
line, kindly provided by Professor Lynda F. Bonewald, University of
Missouri-Kansas City, was used in this study. The stock cells
were maintained in collagen-coated plates (rat tail collagen type I,
0.15 mg/ml) containing α-MEM medium supplemented with 5% fetal
bovine serum (FCS) and 5% newborn calf serum (NCS) plus 100 U/ml
penicillin. The dry-heat sterilized constructs (8 mm in diameter×2 mm
thick) were seeded with 60,000 MLO-A5 cells suspended in 100 μl of
complete medium and incubated for 4 h to permit cell attachment. The
cell-seeded constructs were then transferred to a 24-well plate contain-
ing 2ml of completemediumperwell. The control group consistedof the
same number of cells seeded in wells containing 2 ml of media. All cell
culturesweremaintained at 37 °C in a humidified atmosphere of 5% CO2,
with themedium changed every 2 days. For induction of mineralization,
some scaffolds and control wells were incubated in mineralizing media,
α-MEM with 10% FCS, 5 mM β-glycerol phosphate (βGP), 100 μg/ml
ascorbic acid, following the method described elsewhere [18].

2.3. Cell morphology

After selected intervals, HA scaffolds with attached cells were
removed, washed twice with warm PBS, and placed in 2.5% glutar-
aldehyde in PBS. After an overnight soak in glutaraldehyde, the fixed
samples were washed extensively with PBS and dehydrated through a
graded series of ethyl alcohol, followed by two soaks in hexamethyldi-
silazane (HMDS) for 10 min each. The samples were allowed to fully
evaporate, sputter-coated with Au/Pd, and then observed in a scanning
electronmicroscope, SEM (Hitachi S-4700), at 5 kV accelerating voltage.

2.4. MTT detection of viable cells

To visualize the metabolically active cells on and within the porous
HA scaffolds, the cell-seeded scaffolds were placed in 400 μl serum-
free medium containing 100 μg of the tetrazolium salt MTT for the last
4 h of incubation. After incubation, the scaffolds were briefly rinsed in
PBS, blotted, and allowed to dry. Images of the constructs were
obtained using a stereomicroscope fitted with a digital camera to
qualitatively assess the distribution of insoluble purple formazan, a
product of mitochondrial reduction of MTT by viable cells. The MTT-
labeled scaffolds were then frozen at −80 °C and fractured with a

cooled microtome blade. The fracture cross section was visually
examined to assess the presence of purple formazan within the
interior of the scaffolds. Finally, the formazan product was extracted
from the HA scaffolds with 1.0 ml ethanol and measured spectro-
photometrically at 550 nm in a BMG FLUORstar Optima plate reader.

2.5. Quantitative protein assay

The amount of protein in lysates recovered from the cell-seeded
scaffolds was measured to assess the cell proliferation on the scaffold.
The scaffoldswere placed in 500 μl of 1% Triton X-100 and the cells lysed
by two freeze–thaw cycles (−80/37 °C). Aliquots of the released lysate
were mixed with working reagent prepared from a micro-BCA Protein
Assay Kit (Piece Biotechnology, Rockford, IL). Resultant absorbance
values were measured at 550 nm in a BMG FLUORstar Optima plate
reader with bovine serum albumin used as a standard for comparison.

2.6. Alkaline phosphatase (ALP) activity

The cell-seeded scaffoldswere removed at the intervals of 2, 4, 6 and
8 days andwashed twicewith PBS. The sampleswere placed in 500 μl of
1% Triton X-100 and cells were lysed using two −80/37 °C cycles.
Aliquots of lysate were placed in a 96-well plate for spectrophotometric
measurement of alkaline phosphatase (ALP) activitywith p-nitrophenyl
phosphate (p-NPP) substrate as described elsewhere [18].

2.7. Alizarin red S staining for mineralization and quantitation

After incubating for 3, 6, 9 and 12 days, the cell-seeded scaffolds
and control wells were washed twice with PBS. The cells with
adherent mineralized nodules were removed from the scaffolds and
control wells with trypsin-EDTA, washed with isotonic NaCl, and
stained with 4 nM alizarin red S (pH=4.2) for 2 min. The stained cells
were then rinsed with nanopure water and centrifuged 5 times to
remove the nonspecific stain. The pellets of stained cells were placed
in a 96-well plate and observed using a stereomicroscope fitted with a
digital camera. The bound alizarin red S stain was extracted by
sonicating for 10 min with 10 mM HCl in 70% ethanol. The extracts
were then diluted with 5 volumes of PBS and the absorbance
measured at 550 nm in a BMG FLUORstar Optima plate reader for
the determination of mineralization.

2.8. Statistical analysis

All biological experiments (4 samples in each group)were run either
in duplicate or triplicate. The data are presented as themean±standard
deviation. Statistical analysis was performed with one-way analysis of
variance (ANOVA) followed by a Tukey's post hoc test, with the level of
significance set at pb0.05.

3. Results

3.1. Microstructure of HA scaffolds

The microstructure and pore characteristics of the HA scaffolds
used in this work are summarized in Table 1. SEM images in Fig. 1
show microstructures of scaffolds sectioned perpendicular to the

Table 1
Microstructural characteristics of HA scaffolds prepared by unidirectional freezing of
suspensions (10 vol.% particles) and used in this work.

Solvent composition Microstructure Pore size (µm) Porosity (%)

Water+dioxane (60 wt.%) Columnar Diameter: 100±10 65±2
Water Lamellar Length: 100–300 70±5

Width: 25±5
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freezing direction. There were no marked changes in the micro-
structure along the length of the sample, so each cross section was, in
general, representative of the whole construct. Unidirectional freezing
of suspensions containing dioxane (60 wt.%) resulted in a columnar
microstructure (Fig. 1a) with pores approximately circular in cross

section (diameter=90−110 μm) aligned in the direction of freezing.
In contrast, a lamellar microstructure was obtained by freezing
aqueous suspensions, with the lamellae and the inter-lamellar pores
oriented in the direction of freezing (Fig. 1b). The lamellar pores had a
length of 100−300 μm and a width of 20−30 μm.

3.2. SEM examination of cultures

SEM images in Fig. 2 show the morphology of MLO-A5 cells grown
on the surface of the columnar and lamellar scaffolds for 2, 4 and
6 days. The cells seeded on the columnar scaffolds appeared to be
attached to the scaffolds by slender cell projections at day 2 (Fig. 2a),
and show a large increase in density with the duration of culture. It is
apparent that the cells had grown along the walls of the columnar-
type pores and down into the interior of these scaffolds. After 4 days,
cell colonization of the walls of the scaffolds was evident (Fig. 2b) and
after 6 days, the walls were completely covered with cells (Fig. 2c).
The cells showed evidence of physical contact and aggregation with
neighboring cells via multiple extensions. The cells visible in the
micrographs of the lamellar scaffolds were elongated and appeared to
align along the walls of the scaffolds at low cell density after culturing
for 2 and 4 days (Fig. 2d and e). After culturing for 6 days (Fig. 2f),
there was greater cell density on the surface of the scaffolds, with
more cells bridging the lamellar pores.

3.3. MTT assay

Photographic images of cell-seeded scaffolds treated with MTT
during the last 4 h of incubation are shown in Fig. 3. The purple pigment
visible on the scaffold was the result of mitochondrial reduction of MTT
to an insoluble formazan product and an indication of viable cells.
The increase in intensity of the purple color on the surface of the
scaffolds with culture time indicated the proliferation of viable,
metabolically active cells on the surface of the scaffolds (Fig. 3a and c).
The purple staining visible on the freeze-fracture surface of the scaffolds

Fig. 1. SEM images of HA scaffolds with two different microstructures prepared by
unidirectional freezing of suspensions (10 vol.% particles): (a) columnar; (b) lamellar.

Fig. 2. SEM images of MLO-A5 cell morphology on freeze-cast HA scaffolds with (a–c) columnar microstructure, and (d–f) lamellar microstructure, after culturing for (a, d) 2 days;
(b, e) 4 days; (c, f) 6 days.
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cultured for 6 days (Fig. 3b and d) indicated the relative density of
metabolically active MLO-A5 cells within the interior of the construct.
The larger and more uniform purple area on the fracture surface of the
columnar scaffolds, relative to that seen on the lamellar scaffolds,
indicated the proliferation of more metabolically active cells into the
columnar scaffolds.

Results of the quantitative measurement of the amounts of the
purple formazan extracted from the scaffolds are presented in Fig. 4.
The results show a linear increase in the absorbance values with
incubation time, indicative of a larger number of cells present in the
scaffolds. The results of the absorbance measurements also show that
a higher amount of the formazan extract was recovered from cells
cultured on columnarHA scaffolds at all time intervals. This is additional
evidence of greater cell growth in the columnar scaffolds, and is con-
sistent with the photographic images of the MTT-labeled scaffolds.

The proliferation of MTT-labeledMLO-A5 cells into the pores of the
columnar-type scaffolds is shown in Fig. 5. A linear growth rate of
~150 μm/day was determined. The pores of the scaffold were
completely covered by MTT-labeled cells after culturing for 12 days
(Fig. 5; inset image). The ability of the columnar scaffolds to support
live cell ingrowth was further investigated by dipping one end of
an as-fabricated scaffold (to a depth of b1 mm) in a cell suspension
(150,000 cells/ml) andmonitoring the cell migration into the scaffold.
As a result of the capillary pressure of the pores, the cell suspensionwas
pulled up to completely fill the pores within b5 s. After incubation for
4 h, the scaffolds were treated with MTT for another 4 h. Photographic
images of the MTT-labeled scaffold are shown in Fig. 6. The coverage of

Fig. 3. Cell-seeded HA scaffolds treatedwithMTT, showing the surface of the scaffolds with (a) columnarmicrostructure, and (c) lamellar microstructure after culture intervals of 2, 4,
and 6 days (left to right, respectively); (b, d) freeze-fracture surface of scaffolds cultured for 6 days, showing MTT-labeled cells within the interior.

Fig. 4. Quantitative measurement of the amount of the formazan present in the cell-
seeded scaffolds after MTT labeling. Mean±SD; n=4. All pairs of data are significantly
different (pb0.05).

Fig. 5. Proliferation of MLO-A5 cells into the unidirectional pores of the columnar
scaffold as a function of culture time. The ingrowth of cells was determined by
measuring the depth of the purple color visible on the fracture surface. The inset image
shows the ingrowth of cells throughout the porous scaffold after 12 days of culture. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the purple color on the surface of the scaffolds (Fig. 6a and b) shows that
viable cells are able to migrate along the pores at the surface. The color
within the cross section of the scaffolds (Fig. 6c and d) is evidence that
the columnar pores are large enough for cells to migrate through the
scaffolds and to provide enough nutrients for the cells.

3.4. Quantitation of protein

Results of the quantitative assay of total protein in cell lysates
recovered from the HA scaffolds and the control wells after incubation
for 2, 4, 6, and 8 days are shown in Fig. 7. The amounts of protein

recovered from the HA scaffolds showed a nearly linear increase in cell
proliferation during the 6-day incubation, a finding that complements
the progressive increase in cell density seen in the SEM images (Fig. 2).
The amount of protein recovered from the lamellar HA scaffolds and
the control wells reached a plateau at 6 days. In comparison, the
amount of protein recovered from the cultures on the columnar HA
scaffolds continued to increase. This is evidence that the columnar
scaffolds are capable of supporting continuous ingrowth of the cells, a
finding that complemented the SEM observation of the cell morphol-
ogy (Fig. 2). The higher amount of protein on the columnar scaffolds,
compared with that recovered from the lamellar scaffolds, indicated
that the cells were better able to grow in scaffolds with pores of size

Fig. 6.HA constructs with a columnarmicrostructure after theywere dipped slightly (b1mm) in a cell suspension, and then treated withMTT: (a, b) surface and (c, d) cross section of
scaffold, showing the MTT-labeled cells on the surface and within the scaffolds.

Fig. 7.Quantitativemeasurement of total protein content per scaffold or well inMLO-A5
cell cultures incubated for 2, 4, 6 and 8 days on HA scaffolds with columnar and lamellar
microstructures, and in control wells. Mean±SD; n=4. Except where indicated, all
pairs of data are significantly different (pb0.05).

Fig. 8. Alkalinephosphatase activity inMLO-A5cells culturedonHAscaffoldswith columnar
and lamellar microstructures, and control wells, for 2, 4, 6 and 8 days. Mean±SD; n=4.
Except where indicated, all pairs of data are significantly different (pb0.05).
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~100 μm rather than in those with smaller lamellar-type pores. These
data also show that theMLO-A5 cells were able to growat a higher rate
on the HA scaffolds than they did on the surface of plastic culture
vessels.

3.5. Alkaline phosphatase activity

Results of spectrophotometric measurement of alkaline phospha-
tase activity of MLO-A5 cells cultured on the HA scaffolds for 2, 4, 6
and 8 days are presented in Fig. 8. As shown, alkaline phosphatase

activity increased with the duration of incubation. This finding is an
indication that these cells were able to carry out osteogenic function
on the HA scaffolds. The higher alkaline phosphatase activity of the
columnar scaffolds than that of the lamellar scaffolds indicates the
better ability of the columnar scaffolds to support cell differentiation.

3.6. Mineralization

To assess the ability of the scaffolds to support mineralization by
MLO-A5 cells, the cells and extracellular materials were removed from

Fig. 9. Optical images of bone nodules recovered from HA scaffolds with the columnar microstructure cultured for (a) 3, (b) 6, (c) 9 and (d) 12 days, and stained with alizarin red S.

Fig. 10. Optical image of bone nodules recovered by trypsinization from HA scaffolds
with a columnar microstructure stained with alizarin red S. The scaffold was cultured
for12 days.

Fig. 11. Quantitative analysis of mineralization by measuring the absorbance of the
extracted alizarin red dye. Mean±SD; n=4. Except where indicated, all pairs of data
are significantly different (pb0.05).
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the HA scaffolds by trypsinization after various culture intervals and
stained with alizarin red S to test for the presence of calcium deposits.
The stained nodules recovered from the columnar scaffolds are shown
in Fig. 9. At day 3, almost no nodules were observed. An increasing
amount of stained nodules was seen as the culture time increased
from 6 to 12 days. A higher magnification image of the red stained
bone nodules is shown in Fig. 10. Quantification of the mineralization
from the HA scaffolds was done by spectrophotometric measurement
of the amount of dye extracted from the stained nodules. Fig. 11 shows
the absorbance of alizarin red S extracted from cells and nodules on
the scaffolds and control wells. Higher absorbance values measured
for cell lysates recovered from the columnar HA scaffolds demonstrate
a greater capacity of these scaffolds for supporting mineralization.

4. Discussion

Our previous work showed that HA scaffolds with oriented
microstructures and unique mechanical properties could be prepared
by unidirectional freezing of suspensions [6–8]. The method is
applicable not just to HA, but also to other inorganic materials. In
the present work, the potential applicability of oriented HA scaffolds
for repairing bone defects was evaluated using MLO-A5 cells as an in
vitro model of newly forming bone tissue.

The results showed that while both groups of scaffolds supported
cell attachment and cell proliferation on their surfaces, the columnar
scaffolds with larger pore widths (diameter=100±10 μm) were
favored by the MLO-A5 cells. The ability to support cell proliferation
into the pores in the interior of the scaffold is a major requirement for
a scaffold [19]. The considerably greater amount of purple color seen
on the freeze-fracture surface of the columnar scaffolds (Fig. 3)
indicatedmuchmore viable cells within the interior of these scaffolds.
This is an indication that the pore size of the columnar scaffolds is
sufficient to allow enough nutrient to permeate the scaffolds to keep
the cells metabolically viable. The cell infiltration experiment (Fig. 6)
provides additional evidence that the columnar scaffolds have the
capacity to allow cells to migrate through it.

Alkaline phosphatase is one of the most widely recognized
biochemical markers for bone progenitor cell activity and is believed
to play a role in bone mineralization [20]. Scaffolds for bone tissue
engineering applications must support the differentiation of bone
progenitor cells to functional bone tissue. The results of this study
shows that MLO-A5 cell cultured on both groups of HA scaffolds
expressed higher levels of this enzyme than those on control wells,
and the activity level continued to increase with incubation time up to
8 days (Fig. 8). The columnar scaffolds expressed the highest level of
alkaline phosphatase activity, evidence of a more optimal structure for
support of bone progenitor cell function.

In addition to the initial evaluation of the alkaline phosphatase
activity as indicative of differential function of the MLO-A5 cells, the
identification of alizarin red-positive nodules is evidence of mineraliza-
tion, a late event in bone differentiation [18,21]. The production of
mineralizedmatrix andnodules by boneprogenitor cells is an important
evaluation criterion for the development of scaffolds for bone tissue

engineering. The columnar HA scaffolds showed enhanced ability to
support MLO-A5 cells to mineralize when compared to the lamellar
scaffolds and the control wells (Fig. 11). This is an indication of the
improved cell response of the HA scaffolds with columnar-type pores.

The in vitro cell culture response observed in the present work,
coupled with the favorable pore characteristics, microstructure, and
mechanical response described in our previous work [6–8], indicates
the potential usefulness of the columnar HA scaffolds for eventual
application in bone repair and regeneration. The in vivo evaluation of
these columnar scaffolds in an animal model is currently underway.

5. Conclusions

Hydroxyapatite (HA) scaffolds with two different oriented micro-
structures (columnar and lamellar) were prepared by unidirectional
freezing of suspensions. The ability of the constructs to support cell
proliferation and function was evaluated in vitro using murine MLO-
A5 cells, an osteogenic cell line. Whereas both groups of scaffolds
showed the ability to support cell proliferation, differentiated
function, and mineralization, the columnar scaffolds were most
favored by these progenitor cells. The columnar scaffolds also
supported ingrowth of cells throughout the unidirectional pores
during culture, and were rapidly infiltrated with a cell suspension by
capillary action of the pores. These in vitro cell culture results suggest
that freeze-cast constructs with the columnar microstructure could be
potentially used as scaffolds for bone repair and regeneration.
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