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Abstract Tissue-engineering scaffold-based strategies
have suffered from limited cell depth viability when cul-
tured in vitro with viable cells typically existing at the
fluid-scaffold interface. This is primarily believed to be due
to the lack of nutrient delivery into and waste removal from
the inner regions of the scaffold construct. This work
focused on the assessment of a hydroxyapatite multi-
domain porous scaffold architecture (i.e. a scaffold pro-
viding a discrete domain for cell occupancy and a separate
domain for nutrient delivery). It has been demonstrated that
incorporating unidirectional channels into a porous scaf-
fold material significantly enhanced initial cell seeding
distribution, while maintaining relatively high seeding
efficiencies. In vitro static culturing showed that providing
a discrete domain for nutrient diffusion and metabolic
waste removal is insufficient to enhance or maintain
homogeneous cell viability throughout the entire scaffold
depth during a 7-day culture period. In contrast, scaffolds
subjected to dynamic rotational culturing maintained uni-
form cell viability throughout the scaffold depth with
increasing culturing time and enhanced the extent of cell
proliferation (~2-2.4-fold increase) compared to static
culturing.

1 Introduction
Scaffold-based bone tissue engineering has made signifi-

cant advances in creating scaffolds with well defined
architectures with the advent of solid free-form (SFF)
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fabrication [1-4] and optimization of alternative techniques
such as freeze-drying [5-7], foam reticulate method [8],
porous slip casting [9, 10], among others.

Despite advances in fabrication methods and biomaterial
interactions significant questions with respect to optimi-
zation for tissue regeneration remain. In vitro studies have
repeatedly demonstrated predominant recurring issues with
scaffold-based approaches when attempting to maintain
cell depth viability and tissue formation. This may be
explained by the lack of nutrient delivery to and waste
removal from the inner regions of a scaffold [11, 12]. In
addition, if the pore size or interconnectivity is too small,
cells can occlude them, preventing further cell penetration
and widespread bone formation [13].

Many of the existing scaffold architectures provide a
single domain into which cells are seeded and, during in
vitro culturing, proliferate and migrate to a small extent
into the available pores [4]. In these scaffolds, a single pore
system must accommodate the conflicting effects of cell
proliferation and matrix formation with the need for greater
nutrient delivery and metabolic waste removal (i.e. with
increased cell proliferation, the availability of nutrients
becomes diminished). This inevitably leads to a thin layer
of tissue formation at the periphery of the scaffold [14],
and a necrotic region at the core of the scaffold. Exclusive
peripheral tissue formation may be a manifestation of the
fact that as cells within the pores of the scaffold begin to
proliferate and secrete extracellular matrix (ECM), they
simultaneously begin to occlude the pores and decrease the
supply of nutrients to the interior [15]. Scaffolds with
limited interconnectivity/fenestration may also accelerate
this phenomenon. The key parameter responsible for this
phenomenon is believed to be the limited transport of
oxygen to the interior regions of a scaffold construct
[12, 16-21]. Significant work has also been undertaken
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using bioreactor based systems in which scaffolds are
cultured under dynamic conditions to overcome oxygen
diffusion and nutrient limitations. These applied dynamic
culturing conditions have been shown to enhance devel-
oping neo-tissue formation through enhanced nutrient
delivery and metabolic waste removal [22-24].

In addition, scaffold architectures have been developed
with distinct and separate domains [10, 25-27] in order to
minimize diffusional constraints. In this configuration a
porous scaffold can possess meso-pores (~90-200 pm) in
which cells proliferate and lay down new matrix and also
larger scale channels (300-500 pm) which provide for
higher levels of nutrient and oxygen delivery and metabolic
waste removal through diffusion. For example, it has been
demonstrated that cell coverage increased with increasing
channel diameter within porous hydroxyapatite (HA)
scaffolds with a centrally aligned channel [10].

In our laboratory, we have recently developed a
hydroxyapatite multi-domain porous scaffold architecture
(i.e. a scaffold providing a discrete domain for cell occu-
pancy and a separate domain for nutrient delivery) [28].
The objectives of creating a multi-domain scaffold are to
enhance for cell-seeding/distribution and proliferation
during short term in vitro culture prior to implantation. The
work presented herein, assesses such architectures in terms
of cell seeding and the resulting cell-depth viability during
7 days of culturing under both normal static diffusion-
based and dynamic rotational regimes.

2 Materials and methods
2.1 Scaffold fabrication

Porous hydroxyapatite (HA) scaffolds were fabricated as
previously described [28], Briefly, an aqueous suspension
consisting of 36% w/v HA powder (Plasma Biotal.,
Tideswell, Derbyshire, UK), 2 wt% Darvan® 811 disper-
sant (R.T. Vanderbilt Company, Inc., USA) and a binding
agent, liquid methylcellulose (Methocel® 60HG, Fluka,
2.5% (w/v), Sigma-Aldrich, Ireland) was prepared,
homogenised for 12 h and degassed under vacuum for 1 h
prior to use. The suspension was cast into stainless steel
rings, placed on the cooling shelf of a freeze-dryer
(Advantage EL, VirTis Co., Gardiner, NY) and cooled at
a constant cooling rate to a desired final freezing tem-
perature (7y = —40°C) and finally sublimated under
vacuum (200 mTorr) for 17 h at a temperature of 0°C
[5, 7]. Green body cakes obtained from the freeze-drying
process were impregnated with a low melting temperature
(44-46°C) paraffin wax to facilitate the introduction of
unidirectional channels in the longitudinal direction.
Channels with diameters of 500 pm and 1 mm spacing
(centre—centre) were introduced through CNC machining.
Scaffold cylinders (5 x 4 mm) were cored and sintered to
a final temperature of 1350°C. An overview of the
fabrication process is presented in Fig. la and b. The
terminology used to describe the various architectures in

Fig. 1 a Process overview for
fabrication of scaffolds,
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Table 1 Scaffold terms used to define various scaffold architecture
types

Scaffold term Scaffold type

Bimodal Scaffold produced through the freeze drying
process containing both micro- and
mesopores

Trimodal CNC machined freeze dried bimodal scaffold

containing micro-, mesopores and
unidirectional channels

this work is presented in Table 1 with representative
images of trimodal scaffolds presented in Fig. 2.

2.2 Assessment of seeding efficiency, cell proliferation
and viability

In all experiments, MC3T3-E1 mouse clonal osteogenic
cells (sub-clone 4) were maintained in o modified Eagle’s
medium («-MEM) supplemented with L-glutamine
(2 mM), sodium pyruvate (I mM), penicillin (100 U/ml),
streptomycin (100 pg/ml) and 10% fetal bovine serum
(FBS). Seeding efficiency, and cell proliferation for 7-day
culture experiments was quantified through measurement
of the DNA content using the Hoechst 33258 dye assay as
described previously [29].

Spatial distribution of cells throughout scaffold con-
structs was determined using an MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay.
Scaffold samples were first cut in half, washed in PBS and
incubated with 2 ml of the MTT (2 mg/ml in PBS) stock
solution at 37°C for 1 h. Viability and distribution were
evaluated qualitatively by a dark blue stain, indicating that
reduction of MTT to formazan had occurred. For cellular
viability and distribution images 3 h post seeding, a further
incubation period with the MTT assay of 1 h is added to
the time frame of assessment.

C))

Fig. 2 a Light micrograph of the scaffold architecture of trimodal
scaffolds produced through the freeze drying process, scale bar:
I mm. b SEM image of a unidirectional channels (@ 500 pm)

2.3 2D and 3D time-dependent cell seeding

To ascertain the time required for cell attachment on 2D
surfaces, a time dependent analysis was carried out on 2D
non-porous HA ceramic substrates, fabricated in a similar
fashion to 3D scaffolds without the freeze drying proce-
dure. Initial seeding density was adjusted to 2.5 x 10
cells/cm?. Time intervals post seeding of 5, 30, 45, 60, 90,
120 and 180 min were examined.

An investigation was also carried out to assess if a time-
dependent relationship existed for the mesoporous domain
of 3D constructs. For this purpose, bimodal scaffolds were
seeded (3 x 10° cells/scaffold) and assessed at specific
time points (30, 60, 120 and 180 min) after washing with
PBS (x3).

2.4 Trimodal scaffold seeding volume dependency

One of the initial roles of this study was to optimize the
seeding efficiency of trimodal scaffolds. Therefore, a study
was performed to assess if the cell seeding efficiency of
trimodal scaffolds was dependent on the total volume of
cell suspension delivered. Trimodal scaffold constructs
were seeded with 3 x 10° cells while varying the volume
of suspension (25, 50 and 100 pl) and assessed after
180 min.

2.5 Static and dynamic rotational culturing of scaffolds

Bimodal and trimodal porous scaffolds were statically
seeded with 3 x 10 cells and incubated for 3 h prior to
static- or dynamic rotational-culturing for a period of
7 days. For the dynamic rotational culturing regime, con-
structs were placed into the bottom of 30 ml polypropylene
tubes with supplemented medium. The 30 ml tubes were
capped and inserted into a rotator wheel (Stuart® Rotator
SB3, Lennox Laboratory Supplies Ltd., Ireland) inclined at
an angle of approximately 15° in an incubator maintained

surrounded by the mesoporous region, scale bar: 250 um. ¢ Higher
magnification SEM image showing meso- and micropores (high-
lighted by white arrowheads), scale bar: 100 um
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at 37°C (Fig. 1c). Each tube contained only one scaffold
and rotation was performed clockwise around the central
axis of the rotator wheel with a rotation radius of 10 cm
with a rotation speed of 10 r.p.m. Scaffold groups (i.e.
bimodal static, trimodal static, bimodal rotational and tri-
modal rotational) were assessed after 1, 3, 5 and 7 days of
culture to examine for cell proliferation and viable
distribution.

2.6 Statistical analysis

Numerical and graphical results are reported in the form of
mean =+ standard deviation (SD). All statistical analyses
were performed using GraphPad Prism software (Version
4.3) using either one way ANOVA with Tukey’s post-hoc
test for multiple comparisons, or two-way ANOVA with
Bonferroni post-tests.

3 Results

MC3T3-El cells attached to non-porous HA substrates in
an increasing time-dependent manner (Fig. 3a), from a
minimum of 46.6% (£5.8, n = 5) after 5 min increasing to
a maximum of 75.7% (46.0, n = 5) after 60 min, with a
plateau existing after this time point. There was a statisti-
cally significant difference between the percentage cell
attachment measured after 5 min compared to all sub-
sequent time points (P < 0.05). No difference was found
between 60, 90, 120 and 180 min post seeding groups
(P > 0.05).

A similar study was carried out for bimodal porous
scaffolds to investigate if this time-dependent relationship
also existed for 3D constructs. It was found that the number
of cells within bimodal scaffolds did not change with time
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Fig. 3 a Time course evaluation of cell attachment to 2D non-porous
HA substrates. * Significance compared to 5 min (P < 0.05, n = 5),
T No significance compared to 60 min (P < 0.05). b Seeding
efficiency (%) of cells within trimodal scaffolds 3 h post-seeding.
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(~80%) with no statistical difference (P > 0.05) found for
any of the time points investigated (Table 2).

For increasing seeding suspension volume there was an
inverse relationship in the seeding efficiency obtained,
from a maximum of 85.4% (£4.9, n =4) for 25 pl,
decreasing to 67.7% (£ 2.2, n = 4) for 50 pl with a min-
imum of 43.8% (£3.2, n=4) for 100 ul (Fig. 3b).
Although a lower seeding volume (25 pl) produced higher
seeding efficiencies, MTT staining demonstrated that low
seeding volumes (i.e. 25 pl) resulted in poor penetration
and distribution of cells into the scaffold volume and were
ultimately confined to the top surface.

Initial homogenous seeding distribution was observed
for trimodal scaffolds with uniform staining throughout the
entire scaffold depth (Fig. 4). In contrast, seeded bimodal
scaffolds did not demonstrate this homogeneous staining
indicating limited penetration of cells through the porous
scaffold material. Comparing the top surfaces of both
bimodal and trimodal scaffolds, for bimodal scaffolds a
darker blue stain is present which indicates a greater den-
sity of cells present. This intensity of stain was not
observed for trimodal scaffolds, with both cross-sectional
and top surfaces of trimodal scaffolds exhibiting similar
stain intensity, demonstrating a more homogeneous
distribution.

After 7 days, both bimodal and trimodal static culturing
groups exhibited intense staining for viable cells in the
outer periphery of the scaffold volume, indicating signifi-
cant cellular proliferation had occurred in the outer regions.
Compared to the staining intensity observed post-seeding
of trimodal scaffolds, no significant increase in staining had
developed within the inner core region by day 7 demon-
strating limited or insignificant cell proliferation had
occurred within this region. For the dynamic rotational
groups, bimodal scaffolds demonstrated penetration of

(b)

100 : :

-y
[
1

4]
(4]
1

\y

Cell Seeding Efficiency (%)

T T
25 pL S0pL 100pL

All scaffolds were seeded with 3 x 10° cells while varying the
volume of suspension delivered (25, 50 and 100 pl, n = 4 for each
group). Significance: (* P < 0.05 and ** P < 0.01)
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Table 2 Seeding efficiency (%) of cells of bimodal scaffolds at
various time points (30, 60, 120 and 180 min) post-seeding

Time (min) Seeding efficiency (%) SD (%) n
30 78.7 5.6 5
60 82.2 5.1 5
120 81.5 13.6 5
180 79.1 4.7 5

SD standard deviation, n number of samples. No significance was
found between any of the time points investigated (P > 0.05)

viable cells towards the core region compared to the corre-
sponding static group, although no staining was observed
within the core region. However, for trimodal groups, a
homogeneous staining for viable cells was present through-
out the scaffold depth.

Under static culturing conditions, both bimodal and
trimodal scaffolds demonstrated an increase in cell number
with increasing time in culture (Fig. 5). After 1 day of
culturing, no statistical difference in cell number existed
between bimodal and trimodal scaffold groups for either
static or dynamic culturing regimes. However for each of
the subsequent time points, higher cell numbers were
observed for bimodal scaffolds compared to trimodal
scaffolds subjected to static culturing (P < 0.05). For

Bimodal Architecture

4Hrs
Post
Seeding \ o

Static
Culture
Day 7

Dynamic
Culture
Day 7

dynamic rotational cultures, no difference in cell number
was observed between bimodal and trimodal scaffolds at
any of the time points investigated (P > 0.05). Comparing
culturing regimes, for bimodal groups, after 7 days there
was a 2-fold increase in the number of cells within
dynamically cultured scaffolds compared to static condi-
tions. Likewise, dynamically cultured trimodal scaffolds
exhibited a 2.4-fold increase in cell number compared to
statically cultured trimodal scaffolds after 7 days.

4 Discussion

The static seeding method is often associated with low
seeding efficiencies and non-uniform cell distributions
within scaffolds, which is partially due to the manual- and
operator-dependent nature of the process [30]. In this study,
2D cell attachment was observed to occur in a time-
dependent fashion reaching a plateau after 60 min. Similar
observations have been made for seeding anorganic bovine
matrix with primary culture neonatal rat osteoblastic cells
with an increasing trend in cell attachment up to 90 min
post-seeding [31]. This time-dependent trend could not be
replicated in 3D bimodal scaffold studies, with the seeding
efficiency of constructs remaining constant at ~80%. This

Trimodal Architecture

Fig. 4 Comparative MTT staining of surface and longitudinal cross sections of bimodal and trimodal scaffolds 7 days post seeding. Scaffolds

were subjected to either static or dynamic culturing. Scale bar is 1 mm
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Fig. 5 Comparative growth kinetics over a 7-day period of MC3T3-
El cells cultured on bimodal and trimodal HA scaffolds subjected to
either static or dynamic culture conditions. The data represents the
mean of triplicate samples & the standard deviation. NS: no

may not necessarily imply that cell adhesion has been
attained after 30 min. It is more probable that cells occu-
pying the pores could not be removed through washing.
The lack of a time dependency trend for maximal cell
seeding of 3D scaffolds compared to 2D surfaces indicates
that there does not appear to be a minimum time required
for enhanced seeding of porous scaffolds. This may prove
useful from a clinical perspective in relation to immediate
in vivo implantation post seeding, without any incubation
period required.

For seeding of three-dimensional scaffolds it was
hypothesised that the cell seeding inefficiencies commonly
observed for static seeding, ranging from approximately
25% [32] to greater than 75% [12, 33], for different cell
and scaffold types, may in part be related to the volume of
cell suspension being delivered to the scaffold, with higher
seeding volumes producing lower seeding efficiencies.
Experiments showed a decreasing trend in the number of
cells within scaffolds for increasing volume of cell sus-
pension delivered from a maximum of 85.4% for a seeding
volume of 25 pl decreasing to a minimum of 43.8% for
100 pl. Therefore, it is the saturation of the scaffold itself
that inhibits further cell attachment and explains the
observation of a decreasing efficiency trend, while
increasing the volume of cell suspension.

The data obtained may in part also explain some of the
large variations in cell seeding efficiency data observed in
the literature [12, 32, 33]. Although lower seeding volumes
were found to yield higher seeding efficiencies, limited cell
penetration was found to exist thus producing poor cell
distributions, with the majority of cells being confined to
the top surface of the scaffolds. Therefore, high seeding
efficiencies alone may not be the most appropriate metric
for evaluation purposes and should perhaps be used in
conjunction with initial viable cell distributions.

@ Springer

significance, * P < 0.05 compared to static trimodal scaffolds at
same time point, + P <0.001, compared to same architecture
scaffold type subjected to static culture at the same time point

Initially, trimodal scaffolds exhibited superior homoge-
neous cell distribution throughout the entire scaffold depth
compared to bimodal scaffolds. This enhancement is due to
the presence of the channels within the mesoporous phase,
allowing the cell suspension to be more easily absorbed
into the mesoporous domain depth. This highlights one of
the significant benefits of incorporating unidirectional
macrochannels into porous scaffold architectures. In con-
trast, bimodal scaffolds exhibited limited cell penetration,
with a greater density of cells being confined to the top
surface and the outer peripheral regions (<1 mm) of the
scaffolds. The overall qualitative results of cellular distri-
bution within trimodal scaffolds using the static seeding
method proved to be a highly effective and a simple
method compared to the cellular distributions obtained for
seeding of bimodal scaffolds under identical conditions.
The relatively poor penetration of cells for bimodal scaf-
folds is comparable to previous observations made when
statically seeding porous f-TCP ceramic scaffolds [34].

Dynamic culturing conditions were shown to enhance
cellular proliferation (2-2.4-fold increase) and cell viabil-
ity distribution compared to static culturing conditions.
This increase is most likely due to enhanced nutrient sup-
ply and more efficient metabolic waste removal from the
interior regions of scaffold constructs due to constant
mixing of the medium caused by rotation of the constructs.
Due to this, a more favourable environment was promoted
in which cells could remain viable and therefore proliferate
to a greater extent compared to static cultures. Interest-
ingly, comparing trimodal and bimodal scaffolds at each
specific time point there was no statistically significant
difference in cell number within scaffolds which were
dynamically cultured. Viability staining of these scaffold
groups over time, demonstrated very different viable cell
distributions. After 7 days static culturing, it was evident



J Mater Sci: Mater Med (2010) 21:1731-1738

1737

that a non homogenous cell distribution was beginning to
develop within trimodal type scaffold structures which had
initially been shown to be homogeneously seeded.

In the case of bimodal scaffolds after 7 days of static
culturing, only viable cells were observed to exist within
the outer periphery (~ 500 pum), and cells had not migrated
to any extent towards the inner core region. It is therefore
feasible to hypothesise that under static culturing condi-
tions, nutrient transport and waste-product efflux was
insufficient to maintain or enhance cell viability in the
interior regions of both these scaffold types. Although
bimodal scaffolds initially exhibited poor viable cell dis-
tributions, it was observed that significant cell migration
occurred when scaffolds were subjected to dynamic culture
conditions. This highlights that the mesoporous architec-
ture of these scaffolds produced through the freeze-drying
technique was not inhibiting in terms of pore size and pore
interconnectivity.

From an in vivo perspective, the observations from the
static culturing experiments may give rise for significant
concern when developing bone tissue engineering strate-
gies, due to the non-homogeneous cell viability after 7 days.
In the early stages of scaffold implantation, prior to vascu-
larisation, a cell seeded scaffold relies solely on the diffu-
sion of oxygen through the blood itself [35]. Therefore it is
pertinent to maximize diffusional effectiveness of scaffolds
and to subsequently enhance rapid vascularisation in order
to encourage cell migration and maintain cell depth viabil-
ity. By providing a direct conduit, the channels may facili-
tate or enhance vascularisation post-implantation and during
the progressive fracture healing process. Based on the
findings from the static versus dynamic culture conditions, it
is feasible to propose that regardless of the scaffold archi-
tecture (i.e. bimodal or trimodal), diffusion based in vitro
culturing will inevitably lead to non-homogenous cellular
distributions which raises important questions regarding
scaffold architecture and short-term conditioning of scaf-
folds in vitro prior to eventual in vivo implantation.
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