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Abstract

Biomimetic materials such as coral exoskeletons possess unique architectural structures with a uniform and inter-
connected porous network that can be beneficial as a scaffold material. In addition, these marine structures can be
hydrothermally converted to calcium phosphates, while retaining the original structural properties. The ability of
biomaterials to stimulate the local microenvironment is one of the main focuses in tissue engineering, and directly
coating the scaffold with stem cells facilitates future potential applications in therapeutics and regenerative med-
icine. In this article we describe a new and simple method that uses a laboratory centrifuge to coat hydrothermally
derived beta-tricalcium phosphate macrospheres from coral exoskeleton with stem cells. In this research the op-
timal seeding duration and speed were determined to be 1 min and 700 g. Scanning electron micrographs showed
complete surface coverage by stem cells within 7 days of seeding. This study constitutes an important step toward
achieving functional tissue-engineered implants by increasing our understanding of the influence of dynamic pa-
rameters on the efficiency and distribution of stem cell attachment to biomimetic materials and how stem cells
interact with biomimetic materials.
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Introduction

The development of biomaterials, combined with
advances in tissue engineering, is yielding promising

results for repair, replacement, or modification of various
tissues and organs.1 Scaffold materials, depending on the de-
sired applications, generally vary in their compositional
makeup, but the general consensus of developing more bioac-
tive scaffolds remains unchanged. Enhancing the bioactivity
of the scaffold would allow for faster engineered tissue gener-
ation and recovery period. Coral exoskeletons have been
successfully used as biomaterial constructs and can be hydro-
thermally converted2 to biocompatible calcium phosphates
while retaining architectural structure.3 Specifically, Forami-
nifera exoskeletons possess an interconnected and uniform
porous network and have been shown to stimulate osteoblast
proliferation while reducing monocyte activities.4 With the
continual development in the application of stem cells in tis-
sue engineering, it is not difficult to envision the potential
therapeutic efficacy of combining biomimetic materials with
stem cells. Cells isolated from the host patient onto the scaf-
fold would need to be seeded onto the scaffold construct.
The success of cell seeding depends on the efficiency, the
time required for the cells to attach to the scaffold, the viabil-

ity of cells, and the uniform spatial distribution of the cells
throughout the scaffold. One of the key factors affecting the
efficiency of cell seeding is the morphology and architecture
of the scaffold material, which plays an important role in
cell attachment and viability. Studies have shown, for exam-
ple, that smaller scaffold pore diameters (*30 lm) enhance
cell-seeding efficiency5,6 compared with larger pore sizes
(*70 lm). It is also crucial to try to achieve a uniform cell dis-
tribution throughout the scaffold because this will allow uni-
form tissue growth, while limiting any adverse effects from
contact inhibition.7 Furthermore, since stem cells are anchor-
age dependent, the faster the cells are able to attach to the
scaffold during the cell seeding process, the more tissue
growth will be accelerated and cell viability enhanced. Sev-
eral techniques are currently used for seeding cells onto scaf-
fold, and this can include simply seeding the cells directly
onto the scaffold material and allowing the cells to grow
over time, preferably undisturbed, with the expectation of
cellular attachment and migration onto the scaffolds.8 More
dynamic techniques can include a setup similar to bioreactors
in which there is a constant flow of media; such a setup fea-
tures oscillatory pressure through the scaffold material after
the cells have been seeded.9,10 These methods can achieve
the intended goal; however, they are limited by the amount
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of time required for seeding and often require high concentra-
tions of cells because not all the cells can completely adhere to
the material and there is an initial loss of cell viability.

During the last decade a number of problems were ob-
served that restricted the use of stem cells in the physiologic
environment. The best type of therapeutic stem cells are still
not known, the number of stem cells that can be isolated
from a single patient is insufficient, not enough stem cells
can be kept alive in cultivation, and the tissues become dam-
aged during transplantation. These facts highlight the need
for better practices and procedures in stem cell cultivation
and targeted placement. Increasingly, there is also a need
for better and simpler placement or coating processes and
biomaterials and devices with which to process and guide
these cells into functional tissues.11

In this article we focus on the use of a common laboratory
centrifuge to facilitate the transfer of stem cells into porous
scaffolds, which provide a quick, simple, and functional
method for stem cell incorporation and coating.

Materials and Methods

Scaffold preparation

The scaffold material was prepared by using marine exo-
skeletons (Foraminifera), hydrothermally converting them
to beta-tricalcium phosphate (b-TCP), and characterizing
them according to previously published methodology.4 In
brief, Foraminifera material was cleaned in sodium hydro-
chlorite and subject to hydrothermal conversion at 220�C by
means of chemical exchange between ammonium hydrogen-
phosphate (Sigma Aldrich, Sydney, Australia).

Isolation and culture of adipose-derived stem cells

Adult Fischer rats (Rattus norvegicus) were used for the iso-
lation of rat adipose-derived stem cells (ADSCs). Animals
were housed and cared for under standard conditions and
were euthanized in a CO2 chamber. The inguinal fat pad
was then harvested, and ADSCs were isolated. All subse-
quent steps were conducted under sterile conditions. The har-
vesting methods for adipose tissue used followed established
protocol and methods by Bunnell et al.12 Fat pads were rinsed
twice in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco). The fat pad was then minced with a pair of scissors
to form a fine slurry, which was then digested in collagenase
type 1 (Gibco) for 45 min at 37�C. The suspension was centri-
fuged at 1600 g for 10 min at 4�C to separate adipocytes by the
addition of Ficoll to separate and remove the interface
between the Ficoll and DMEM. This was then resuspended
in 8 mL of DMEM to dilute any residual Ficoll. The cells
were washed twice in DMEM and centrifuged at 1000 g.
Upon completion of the final wash the pellet was resuspended
in basal growth media DMEM Glutmax/F12 (Gibco) with
10% fetal bovine serum (FBS, Invitrogen) and 1% antibiot-
ics/antimycotics (ABAM; Invitrogen). Two-milliliter aliquots
of the suspension were placed in T25 culture flasks (Nunc)
and incubated at 37�C at 5% CO2 for 2 days until ADSCs ad-
hered to the culture flask. Nonadherent cells were eliminated
by aspirating floating cells and replacing the media. ADSCs
were passaged three times before use in experiments.

Rat adipose tissue–derived stem cells were grown in me-
dium consisting of DMEM (Invitrogen) containing 1 g/L glu-

cose, supplemented with 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin sulfate. The cells were incubated in
a humidified, 37�C, 5% CO2 incubator, with growth medium
being replaced every 3–4 days. The cells were expanded to
80%–90% confluence prior to trypsinization for passage or
scaffold seeding.

Stem cell coating of scaffold

The scaffold material, measuring 1.4 mm in diameter, was
coated individually by separately placing each sphere in a 15-
mL Falcon tube containing 1 mL of the cell suspension (6 · 106

cells). The tubes were placed in a laboratory centrifuge (Eppen-
dorf Centrifuge 5702) for 1, 2, and 3 min at 700 g. Following this
the cap of the tubes were released slightly and placed back in a
37�C incubator with 5% CO2. After 48 h to allow the cells to ad-
here, the scaffolds from each tube were carefully transferred
back into a 24-well plate with fresh media for 3, 5, and 7 days.

Protein quantification

At each time point, the scaffolds were first washed three
times with PBS and transferred to 1.5-mL Eppendorf tubes
with 300 lL of Triton X-100 lysis buffer for 24 h. The protein
content from the cell lysate was determined by BioRad DC
Protein assay kit according to the manufacturer’s instructions
(10 lL of the lysate with 25 lL of Reagent A and 200 lL of
Reagent B). Protein standards were made with various con-
centrations of bovine serum albumin. The resulting values
were compared with a standard curve, which was generated
for each separate experiment with a fresh set of standards.

Cell adherence and cell viability

After 7 days of culture, the media was removed and
washed three times with PBS, and 500 lL of TrypLe was
added for 10 min followed by the addition of 1 mL of ADSC
media to neutralize the TrypLe reaction. Following this,
100 lL of the media was extracted and 1 lL of propidium io-
dide was added for 10 min. The ADSC viability and the re-
spective number of cells attached to the scaffold were
assessed by Invitrogen TaliTM Cytophotometer and in accor-
dance to manufacturer’s instructions and guidelines.

Scanning electron microscopy

At each predetermined time point, the medium was re-
moved and the scaffolds were immersed in 300 lL of 4%
formaldehyde for 1 h followed by serial graduation of ethanol
(60%, 70%, 80%, 90%, and 100%). The scaffolds were subse-
quently air-dried for 24 h before being characterized by a
Zeiss Supra 55VP scanning electron microscope coupled
with a back scattered electron detector under variable pres-
sure at 2.2 · 106 Torr.

Statistical analysis

All values are presented as the mean – standard deviation.
All data were examined based on three to five different mea-
surement values. The data were analyzed by single-factor
analysis of variance (ANOVA) in which significantly differ-
ent pairs were defined as having p < 0.05. All samples were
measured in triplicate, and the experiment was repeated
three times. Metric data were analyzed by one-way
ANOVA followed by Scheffe’s post hoc test at a significance
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level of 0.05. For the protein analysis, the samples were
loaded in triplicate and standardized with the plate blank.

Results

Optimization of ADSC coating

A schematic diagram of the experimental setup is shown in
Fig. 1. The centrifuge times tested included 1, 2, and 3 min,
after which the scaffolds were grown for 5 days before cellu-
lar protein analysis. The cellular protein content from the
scaffolds was used to indicate the number of cells coated
onto the scaffolds. As a mean of standardizing, protein con-
tent was subtracted with the amount of protein found in
cell-free macrosphere scaffolds. The protein content pre-
sented in Fig. 2 showed that 1-min coating provided the
most optimal cell seeding on the b-TCP macrospheres.
There was a significantly greater amount of cellular protein
from the cells from the 1-min centrifuge time compared
with longer duration of spinning and with static seeding.
With 2- and 3-min centrifugation, cells were still able to be
seeded on the scaffold but at a significantly lower number
compared with the 1-min centrifugation.

Protein and cellular analysis

Since 1-min centrifugation produced the most efficient re-
sults, subsequent experiments and characterization were

based on the 1-min coating time. Figure 3 shows the approx-
imate numbers of cells that were seeded over 3, 5, and 7 days,
and Fig. 4 shows the associated cell viability. A significant in-
crease in cell number occurred over the 7-day period, with an
approximate cell number of 1 · 104 cells/mL seeded onto the
scaffold, utilizing 2 · 106 cells initially. The cell viability also
showed an increase over the 7-day period and rose from
approximately 78% to 95%. The cellular proteins were also
determined over the same experimental period of 3, 5, and
7 days, and the results are presented in Fig. 5. The results
show once again that the cellular proteins increased over
the 7-day period, which reinforces and complements the
results for the number of cells that were seeded onto the
scaffold.

Scanning electron imaging of ADSC coating

In addition to being able to seed a significant number of
ADSCs onto the scaffold, achieving homogeneity in the cellu-
lar distribution is also important. Scanning electron micros-
copy images were taken at 3 and 7 days to determine the
distribution of the cells on the scaffolds. Figure 6a–c shows
the cellular distribution at 3 days, and it can be seen that
the cells not only adhered to the scaffold but were also distrib-
uted among the pores and throughout the surface of the scaf-
fold. Figure 6d–f shows that after 7 days, the cells were able to
coat the majority of the scaffold, and a significant difference
could be seen compared with 3 days.

FIG. 1. A schematic diagram
detailing the experimental setup
from conversion of the scaffold
material to the coating of the
adipose-derived stem cells
(ADSCs); 2500 rpm = 700 g.

FIG. 2. Seeding of ADSCs on the scaffold after 1, 2, and
3 min of centrifugation and static seeding. One-minute centri-
fugation resulted in the highest cellular protein concentration.
*Statistically significant (p < 0.05).

FIG. 3. The number of ADSCs attached to the b-TCP macro-
spheres after 3, 5, and 7 days, showing continual cell growth
over this period time. *Statistically significant (p < 0.05).
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Discussion

In the development of suitable biomaterials for tissue engi-
neering applications, one of the fundamental goals is stimu-
lating the local environment surrounding the scaffold. With
the emergence of stem cells and their wide array of applica-
tions in tissue engineering, many successful techniques
have been developed over the years to introduce cells into
biomaterials. Unfortunately seeding efficiencies have not
yet reached an optimal level in which low-density cells can
be seeded and be ready for implantation in a limited amount
of time. The aim of this research was to determine whether
marine exoskeleton that has been hydrothermally converted
to b-TCP can be coated with ADSCs to improve its therapeu-
tic efficiency. The interest in using marine exoskeleton arises
from its unique architectural structure which has advantages
as a scaffold matrix for bone ingrowth. In addition, by hydro-

thermal conversion, the calcium carbonate exoskeleton can be
easily converted to various derivatives of calcium phosphate.
By using a laboratory centrifuge to coat the scaffold with
ADSCs, this technique can provide a quick and easy method
for coating other biomaterials with ADSCs.

To improve the efficiency of the ADSC coating on the
b-TCP macrospheres, initial experiments were done to deter-
mine the optimal duration for seeding the cells on the scaf-
fold. The rotational speed of the centrifuge was set at 700 g
because the harmonics of the centrifuge prevented smooth ro-
tation at speeds below 448 g, which would result in cell shear-
ing and possible cell damage.13 With higher rotational speed,
this would increase the possibility of the cells being spun
down too fast and limit the amount of cells that can be seeded
onto the scaffold. From the initial optimization process it was
found that 1-min centrifugation seeded the greatest number
of cells onto the scaffold. Increasing the centrifugation time
to 2 and 3 min seeded the cells at a significantly lower

FIG. 4. The associated cell viability between 3 and 7 days
from Fig. 2, showing increase cell viability. *Statistically
significant (p < 0.05).

FIG. 5. Cellular protein analysis after ADSC coating at 3, 5,
and 7 days, showing continual growth of the cells on the scaf-
fold. *Statistically significant (p < 0.05).

FIG. 6. Scanning electron microscopy images showing ADSC-seeded macrospheres after 3 days (a–c) showing ADSCs grow-
ing in the surface crater and spreading across the material. After 7 days of seeding (d–f), ADSCs completely covered the scaf-
fold material.
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concentration. We hypothesize that with increasing time, the
cells are completely pushed through the scaffold or around it
to the bottom of the tube. Therefore increasing the centrifuga-
tion time would not increase the likelihood of more cells
being seeded onto the scaffold but rather increase the risk
of damaging some of the cells. As such, by using 1-min cen-
trifugation, the b-TCP macrospheres were evaluated over a
7-day period. Even though it was confirmed that ADSCs
can be seeded onto the scaffold, it was equally important
to determine how these ADSCs behaved after being seeded
and whether they would continue to proliferate or eventu-
ally become apoptotic. During the 7-day experimental pe-
riod the results showed that both the cell numbers and
cellular proteins were increased, indicating the ADSCs
were seeded successfully and were proliferating on the scaf-
fold material. In addition to this, cell viability results
showed an initial viability of 78% and this was increased
to 95% at 7 days, which affirmed that the cells were viable
and are capable of inducing and stimulating the surround-
ing local environment once implanted. Furthermore, coating
the scaffold through using the centrifuge allowed homoge-
nous seeding, which can reduce the amount of time needed
to prepare scaffolds for implantation. From the scanning elec-
tron microscopy images presented in Fig. 6, it can be seen that
after 3 days the ADSCs were seeded within the pore craters of
the macrospheres and were homogenously distributed. While
most of the pore craters were covered by the ADSCs, there
remained some pore craters that still had visible exposed
pores. However, at 7 day there was complete coverage of
the ADSCs on the b-TCP macrospheres. It is important to
note that depending on the intended application, a confluent
coating of the scaffold might not be ideal because this can pre-
vent migration of other crucial cells14 and as such, the conflu-
ency of the coating can be controlled and tailored to a specific
application by limiting the growth period. It is envisaged that
the combined effect of the stem cell coating with the biomi-
metic b-TCP spheres can be applied in non–load-bearing im-
plant applications. As previously mentioned, the scaffold
construct possesses uniform and interconnected pores pro-
viding an ideal environment for improved bone ingrowth
and vascularization. Combined with the ADSC coating, this
can hopefully stimulate faster and improved bone regrowth
over time. Future studies will investigate in depth the
in vivo efficacy of this potentially beneficial strategy.

Conclusion

In conclusion, the experiments presented here show that
hydrothermally derived b-TCP can be seeded and coated
with ADSCs by means of a common laboratory centrifuge
at a higher number compared with static seeding, while still
retaining the cell activity levels. This quick and easy method
for homogenous cell coverage of scaffolds thereby enhances
the therapeutic efficacy of the scaffold material.
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