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cDepartment of Biology, Center of Biology, University of Minho, Campus de Gualtar, 4710 057 Braga, Portugal

dCenter for Bioactive Materials and Tissue Engineering, University of Pennsylvania, Philadelphia, PA 19104, USA
eDepartment of Orthopaedic Surgery, Thomas Jefferson University, Philadelphia, PA 19107, USA

Received 28 May 2006; accepted 6 July 2006
Available online 28 July 2006

Abstract

There is a clear need for the development of microparticles that can be used simultaneously as carriers of stem/progenitor cells and as
release systems for bioactive agents, such as growth factors or differentiation agents. In addition, when thinking on bone-tissue-
engineering applications, it would be very useful if these microparticles are biodegradable and could be made to be bioactive.
Microparticles with all those characteristics could be cultured together with adherent cells in appropriate bioreactors to form in vitro
constructs that can then be used in tissue-engineering therapies.
In this work, we have characterized the response of MC3T3-E1 pre-osteoblast cells to starch-based microparticles. We evaluated the

adhesion, proliferation, expression of osteoblastic markers and mineralization of cells cultured at their surface. The results clearly show
that MC3T3-E1 pre-osteoblast cells adhere to the surface of both polymeric and composite starch-based microparticles and express the
typical osteoblastic marker genes. Furthermore, the cells were found to mineralize the extracellular matrix (ECM) during the culture
period.
The obtained results indicate that starch-based microparticles, known already to be biodegradable, bioactive and able to be used as

carriers for controlled release applications, can simultaneously be used as carriers for cells. Consequently, they can be used as templates
for forming hybrid constructs aiming to be applied in bone-tissue-engineering applications.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

To try to regenerate bone has been a major goal of
tissue-engineering research. A promising approach com-
bines the use of scaffold materials together with autologous
site-specific cells. In this way, it may be possible to
construct a hybrid material that can repair an osseous
defect. For this strategy to be successful, materials need to

be generated that exhibit adequate physical and
chemical properties, and at the same time enhance cell
adhesion, proliferation and differentiation. An ideal sub-
strate for the synthesis of bone should be able to promote
the expression of the osteoblastic phenotype as well as
provide a template for bone deposition [1]. Furthermore, it
is desirable for excellent scaffold materials to release
bioactive molecules in a controlled fashion such that cell
adhesion, proliferation and other cellular functions are
enhanced.
Starch-based materials were shown to possess a wide

range of properties that support their potential for
biomedical applications. Coupled with their biodegradable
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nature [2,3], the ability to be processed by diverse methods
[4–6] and into diverse shapes (Three-dimensional (3D)
porous scaffolds, microparticles, bone cements) [7–11],
render these materials very attractive to be used as
scaffolds. Blends of starch with different synthetic poly-
mers have been studied for several biomedical applications,
such as bone scaffolds [12–17] and drug release applica-
tions [7,18]. 3D porous scaffolds based on starch-based
materials have been shown to be biocompatible and to
possess excellent in vivo behavior [12,14,16,19].

In this work, we have focused on the production of
starch-based microparticles, which are bioactive [20] and
can release, in a sustained manner, molecules of biological
interest [18]. However, to be used for biomedical purposes,
their behavior regarding critical cellular functions such as
adhesion, proliferation and maintenance of a defined
phenotype needs to be well known. If osteoblast-like cells
can adhere and grow at the surface of the starch-based
microparticles these substrates could be used for: (i) non-
load bearing applications or as part of a 3D-construct; (ii)
cultivating anchorage-dependent cells in a dynamic bio-
reactor and (iii) encapsulating bioactive molecules in the
microparticles and simultaneously growing cells at the
surface of the microparticles that would release encapsu-
lated growth factors to stimulate proliferation and
differentiation of adherent cells. Cell proliferation and
differentiation would occur, giving origin to a hybrid cell-
material construct. After moving the construct to the in
vivo location, the biodegradable nature of the micropar-
ticles would allow them to be replaced by newly formed
tissue.

The aim of the present study was to evaluate the ability
of starch-based biodegradable microparticles to support
cell adhesion, viability and phenotypic expression of
osteoblastic markers by MC3T3-E1 cells. In order to
assess this, we have used cells of pre-osteogenic lineage
and cultured them for periods up to 14 days at the
surface of both polymer and composite starch-based
microparticles.

2. Materials and methods

2.1. Materials

Starch-based polymer (SPLA, a blend comprised of 50wt% corn starch
and 50wt% polylactic acid) and composite (SPLA/BG, comprised of
SPLA and 30% Bioactive Glass 45S5 granules, with a composition of
46.1% SiO2, 24.4% Na2O, 26.9% CaO, 2.6% P2O5, mol%) microparticles
were produced as described in a previous work [20]. Particle sizes between
210 and 350mm were selected over smaller ones, due to the following
reasons: compared with smaller sizes, they have larger surface area, which
might allow the adhesion of higher number of cells per particle and yield
bigger hybrid constructs.

The cell line used in this work—MC3T3-E1, subclone 4, derived from
fetal mouse calvaria, was purchased from American Tissue Cell Collection
(ATCC). The cells were cultured in DMEM medium supplemented with
10% FBS and 1% of antibiotics (penicillin—streptomycin) and cultivated
in standard tissue culture conditions (37 1C, 5% CO2).

2.2. Cell adhesion to the surface of starch-based microparticles

The ability of MC3T3-E1 cells to adhere to the surface of starch-based
microparticles was evaluated for up to 6 h. To determine the adhesion
efficiency, 1ml volume of microparticles was added to a suspension of
2! 105 cells. The cells were allowed to adhere for 30min, 1, 2 and 6 h.
After each time period, the microparticles were washed to make them free
of non-adherent cells and transferred to a new vial. A volume of trypsin,
enough to cover the microparticles, was added to detach the adherent
cells, which was then neutralized by the addition of complete culture
medium. Cells were then counted in a Neubauer chamber. Adhesion
efficiency was determined as the percentage of adhered cells versus the
total number of cells seeded. Data reports results from 3 independent
experiments.

2.3. Cell seeding on the surface of starch-based microparticles

Before being used in any cell culture experiments, starch-based
microparticles were sterilized with 70% ethanol, allowed to dry and then
hydrated in DMEM culture medium prior to cell seeding. A volume of
10ml of microparticles was then added to a suspension of 5! 105 MC3T3-
E1 cells. The microparticles and cells were mixed and centrifuged for 30 s
at 100 rpm. After a maximum period of 12 h, the microparticles with
seeded cells were transferred to 6-well plates containing 40mm pore size
cell strainers (BD Falcon, Bedford, MA, USA). The cell strainers
prevented particle loss during culture medium changes.

The cells were cultured for 14 days and evaluated for cell proliferation,
enzyme activity, gene expression and an end-point assay for mineralization
by Alizarin Red staining.

2.4. MC3T3-E1 viability assessment using confocal laser
microscopy

Viability of MC3T3-E1 cells adhered to starch-based microparticles
was assessed by confocal laser microscopy (Inverted Confocal Micro-
scope, Olympus FloView, Melville, NY, USA). For this purpose was used
a viability fluorescent dye—CellTracker Green CMFDA (Molecular
Probes, Eugene, OR, USA). This dye diffuses through the cell membranes
and once inside the cell, the CellTracker, containing a chloromethyl group
that reacts with thiols, is transformed into a cell-impermeant fluorescent
dye-thioether adduct. Only living cells have the ability to allow this
reaction to occur, and this principle was used to determine the distribution
and viability of cells adhered to the surface of starch-based microparticles.

The medium from the samples (SPLA and SPLA/BG microparticles
with adhered cells) was aspirated and replaced by a 1:1000 dilution of
CellTracker in serum-free DMEM. After 30min the working solution was
removed and replaced with complete culture medium. After a second
30min incubation period, the samples were analyzed in a laser confocal
microscope, with an excitation laser of 517 nm. Images for SPLA and
SPLA/BG samples were obtained by stacking of 20mm planar slices.

2.5. MC3T3-E1 DNA quantification

DNA content, as a means of evaluating proliferation, was measured
using the PicoGreen dsDNA kit (Molecular Probes, USA). PicoGreen
dsDNA reagent is an ultra sensitive fluorescent nucleic acid stain for
quantitating double-stranded DNA (dsDNA) in solution. At each time
point in culture, cell strainers were removed and the contents (particles
with cells) washed with isotonic saline solution and centrifuged. A minimal
volume of 0.1 N NaOH was added to release DNA from the cells. An
aliquot of the DNA suspension was added to 10!TE (Tris-EDTA)
buffer, to which was then added the PicoGreen reagent (previously
prepared in 10!TE buffer) in a 1:1 vol:vol, and fluorescence measured
in a microplate reader at 485 and 535nm excitation and emission
wavelengths, respectively. Lambda DNA was used as standard. The data
presents results of at least three independent experiments.
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2.6. Evaluation of alkaline phosphatase activity

Alkaline phosphatase was measured using the AttoPhos AP fluorescent
Substrate System (Promega, Madison, WI, USA). AttoPhos Substrate
(20-[2-benzothiazoyl]-60-hydroxybezothiazole phosphate [BBTP]) is
cleaved by alkaline phosphatase to produce inorganic phosphate (Pi)
and the alcohol, 20-[2-benzothiazoyl]-60-hydroxybenzothiazole (BBT). This
enzyme-catalysed conversion of the phosphate form of AttoPhos
Substrate to BBT is accompanied by an enhancement in fluorescence.
Samples (microparticles and adhered cells) were transferred to a 1.5ml
tube, centrifuged at 14,000 rpm for 1min, the supernatant (culture
medium) was discarded and the pellet was suspended in 1ml of ice-cold
0.9% NaCl solution in 3mM Tris-HCl (pH 7.4) and again centrifuged at
14,000 rpm for 1min. The pellet was solublized in 500ml of a 0.9% NaCl
and 0.2% Triton X-100 solution. One hundred ml of cell suspension were
added to 200ml of Attophos reagent, mixed for 15min, after which 100ml
were loaded into each well of a 96-well plate and fluorescence was read at
430 nm excitation and 595nm emission.

2.7. RNA extraction

Total RNA was extracted using the TRIzol reagent (Life Technologies,
Gaithersburg, MD). In order to isolate the RNA, chloroform was added
to the samples (microparticles with adherent cells), followed by precipita-
tion with isopropyl alcohol.

Samples were transferred to a 1.5ml tube, centrifuged at 14,000 rpm for
2min and the supernatant was removed. Then, 1ml of TRIzol was added
to the pellet, and samples were resuspended about 10 times to lyse the
cells. Afterwards, 250ml of chloroform were added to the samples and the
mixture was vortexed. The mixture was then centrifuged at 14,000 rpm for
10min, at 4 1C. The top aqueous fraction was collected into a RNase free
tube, to which 2 volumes of isopropanol were added. The solutions
were mixed and again centrifuged at 14,000 rpm, for 30min at 4 1C. The
supernatant was discarded and 1ml of ethanol was added to wash the
pellet by centrifugation at 14,000 rpm, 6min, at 4 1C. The supernatant was
discarded and the samples were air dried for approximately 10min. The
RNA samples were then resuspended in 40 ml of mili-Q sterile water. The
concentration and purity of the RNA were measured in a UV spectro-
photometer at 260 nm and by calculating the A260/A280 ratio,
respectively. The integrity of the RNA was assayed by electrophoresis of
the samples in a 1% agarose gel.

2.8. RT-PCR analysis of osteoblastic markers

RT-PCR was performed using a one step procedure. The method was
optimized to an amount of 200 ng of RNA. The PCR reaction components
were added in the following order: water (ddH2O), Reaction Mix
(Invitrogen, Carlsbad, CA, USA), primers, sample RNA and the enzyme,
Platinums Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). The
samples were then run in a program with the following parameters: (i)
42 1C for 1 h, (ii) 94 1C for 4min, (iii) 94 1C for 1min, (iv) 55 1C for 1min,
(v) 72 1C for 1min and (vi) 72 1C for 10min. Steps (ii)–(iv) were the
amplification step (34 cycles). GADPH, a housekeeping gene, was run as
the control.

After completion of the PCR, the products were electrophoresed in a
1.5% agarose gel, together with a 100 bp DNA Ladder (Promega,
Madison, WI, USA) and visualized in a Kodak UV imager.

2.9. Mineralization assay: Alizarin Red

The Alizarin Red mineralization assay was performed using the method
described by Bodine et al. [21], with modifications. Samples were washed
with PBS, and subjected to a fixative 10% v/v solution of formaldehyde in
PBS for 15min. After removal of fixative, samples were washed twice with
excess water and covered with Alizarin Red (AR) solution, followed by
gentle agitation in an orbital shaker for 20min. The AR solution was then

removed and the samples washed four times with mili-Q water. The
samples were observed in an optical microscope with a coupled SPOT
camera.

2.10. Alizarin Red staining extraction

The protocol for extraction of the Alizarin Red staining was adapted
from Gregory et al. [22]. Five hundred ml of acetic acid (10% v/v) were
added to the stained samples, incubated for 30min at room temperature
with mild shaking. The monolayer was then scrapped off the plate,
transferred to a 1.5mL tube and vortexed for 30 s. The slurry was overlaid
with 300ml of mineral oil to prevent evaporation and heated at 80 1C for
10min. Then the samples were centrifuged for 15min at 14,000 rpm. Three
hundred ml of the supernatant was transferred to a 1.5mL tube and mixed
with 100mL of a 10% (v/v) solution of ammonium hydroxide.
One hundred mL aliquots were transferred to a 96-well plate and the
absorbance read at 430 nm. At least 3 independent experiments were
performed, each one with triplicates.

2.11. Statistical analysis

Results are expressed as mean7standard deviation. Differences
between experimental results were analyzed according to a Student t-test,
with po0:05 considered statistically significant.

3. Results

3.1. Adhesion of MC3T3-E1 cells to starch-based
microparticles

The first hours of contact between cells and materials are
critical, since it is well known that for anchorage dependent
cells, adhesion to a substrate has to occur within few hours,
otherwise the cells will lose their viability [23]. In addition
to anchoring cells, adhesive interactions activate various
intracellular signaling pathways that direct cell viability,
proliferation, and differentiation [24–26].
Thus, to establish the ability of a biomaterial to serve as

a substrate for cell culture, the adhesion efficiency of cells
needs to be evaluated prior to the establishment of the
long-term culture system.
In this work, we evaluated the adhesion of MC3T3-E1

cells to starch-based microparticles and Fig. 1 presents the
results for SPLA and SPLA/BG compared to cell adhesion
to tissue culture polystyrene (TCPS), so far considered the
ideal material for cell adhesion.
As expected, cell adhesion to TCPS reached the highest

value from all conditions (90% of all seeded cells). Cell
adhesion to SPLA polymer microparticles was about 40%
of the total number of seeded cells; for composite
microparticles, this value reached 60%. Statistical analysis
revealed significant differences between SPLA and TCPS
(p " 0:0016), SPLA/BG and TCPS (p " 0:0147) and
between SPLA and SPLA/BG (p " 0:0158). The difference
in adherence values probably reflects the variation in
material properties, in terms of chemistry, surface charges,
reactive groups and roughness.
We also evaluated the thiols status (which provides a

mean of evaluating cell viability) of cells adhered to the
surface of both polymer and composite microparticles
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using confocal laser microscopy after 1 and 2 days in
culture.

Figs. 2A and D show the fluorescence of cells adhered to
TCPS after 1 and 2 days, respectively. It is noticeable that
they are spread over the surface, and this behavior is also
observed at day 2 (Fig. 2D). The fluorescence of the cells is
high, indicating that the cells are in a reduced thiol status
and hence viable. Cells are clearly attached to both SPLA
(Figs. 2B and E) and SPLA/BG (Figs. 2C and F)
microparticles at day 1, although some of the cells present
a round morphology and appear to be clumped together.

However, at day 2 of culture, cells are well adhered to the
microparticles (Figs. 2E and F), and completely cover the
surface of some of the microparticles of the aggregate
(Fig. 2F). Again this is a rather good result, not typical at
all for biodegradable materials.
Another interesting result is the formation of 3D

aggregates between microparticles and cells (Figs. 3A and
B). These aggregates are maintained throughout the culture
period. Although these systems do not present sufficient
mechanical properties to be used per se in load bearing
applications, this behavior is desirable in dynamic cell
culture conditions, such as those using bioreactors.
Preliminary results have shown that these aggregates can
be placed and cultured in the NASA-approved HARV
bioreactor for up to 3 weeks without disaggregating the
constructs.

3.2. MC3T3-E1 proliferation at the surface of starch-based
microparticles

Cell proliferation at the surface of polymer and
composite microparticles was measured by determining
the increase in DNA content up to 14 days (Fig. 4).
MC3T3-E1 cells were able to proliferate at the surface of

both polymer and composite microparticles at similar rates
until 7 days of culture. Cells on TCPS proliferated at a
ratio of 6! 105 cells/day. In contrast, the rates on SPLA
and SPLA/BG were 1.2! 105 cells/day and 9.1! 104 cells/
day, respectively. These statistically significant differences
might be explained based on the surface of the materials.
Starch-based microparticles, being composed of a polymeric
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Fig. 1. MC3T3-E1 cell adhesion to tissue culture polystyrene (TCPS),
SPLA polymeric and SPLA/BG composite microparticles after 6 h of
adhesion. Cell adhesion was evaluated by removing adhered cells from the
surface of the microparticles and counting in a hemocytometer. The t-test
result revealed statistically significant differences between all conditions
(TCPS vs. SPLA, n " 3, p " 0:0016; TCPS vs. SPLA/BG, n " 3,
p " 0:0147; SPLA vs. SPLA/BG, n " 3, p " 0:0158).

Fig. 2. Confocal laser microscopy of MC3T3-E1 cells stained with CellTracker green (A) and (D), TCPS; (B) and (E), SPLA; (C) and (F), SPLA/BG
microparticles. (A), (B) and (C) show cells adhered to TCPS, SPLA and SPLA/BG microparticles after 1 day in culture, respectively. (D), (E) and (F) cells
adhered to TCPS, SPLA and SPLA/BG microparticles after 2 days in culture, respectively. Cell viability and distribution in all conditions is evidenced by
the green fluorescence. Images (B), (C), (E) and (F) were obtained by stacking of 20 mm planar slices to build a three-dimensional image. Original
magnification for (A) and (D): 80! ; for all others 40! .
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mixture of PLA and starch, have at their surface domains
that are richer in PLA and others richer in starch.
Therefore this creates some surface heterogeneity that
might influence cell adhesion.

Differences between both starch-based particles are only
observed after 7 days of culture, where cells at the surface
of polymeric microparticles increase their number by
approximately 10% more than cells cultured at the surface
of composite microparticles, and this difference was found
to be statistically significant (p " 0:0068).

3.3. Alkaline phosphatase activity

The data obtained from the measurement of alkaline
phosphatase activity showed very low enzyme activity and
no obvious differences among the materials and TCPS.
MC3T3-E1 cells failed to express alkaline phosphatase,

however, other works in Refs. [27–31] have shown these
cells to be a good model of the osteoblastic lineage. Failing
to express significant levels of alkaline phosphatase
activity, nevertheless, does not impart the role of these
cells as a model for the osteogenic pathway. Further results
in this study show that these cells are in fact committed and
able to maintain the osteoblastic lineage.

3.4. Expression of osteoblastic marker genes

Markers of the osteoblastic phenotype—osteopontin
(OP), osteocalcin, collagen type Ia and the transcription
factor Runx-2, were analyzed by RT-PCR (Fig. 5).
On TCPS all the markers were expressed, although levels

of OP and Runx-2 were low. On SPLA, the level of
expression of Runx-2 and collagen type Ia was similar to
TCPS. In contrast to TCPS and SPLA, on SPLA/BG
composite microparticles, there was a higher level of
expression of all of the transcripts, which indicates that
composite microparticles clearly enhance the expression of
osteoblastic markers.

3.5. Alizarin Red staining

To examine the mineralization potential of MC3T3-E1
cells on TCPS, SPLA and SPLA/BG, we stained the
cultures with Alizarin Red. Fig. 6 shows that both SPLA
and SPLA/BG microparticles enhance mineralized nodule
formation compared to cells cultured on a TCPS surface.
Cells cultured on the standard tissue culture surface
(TCPS) only showed Alizarin Red staining comparable to
the one found in SPLA microparticles after 4 weeks of
culture (data not shown).
When quantitatively analyzing, on a cell basis, the

amount of deposited calcium (Fig. 7), cells cultured on
standard conditions (TCPS) showed statistically significant
lower levels when compared to polymeric (SPLA,
p " 0:002) and composite (SPLA/BG, po0:0001). On
SPLA/BG microparticles calcium was also found to have
significantly higher values than those observed for SPLA
samples (p " 0:0068).
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Fig. 3. Images of aggregates formed between cells and microparticles, similar to the ones in Fig. 2, at 14 days of culture. The images show 3D aggregates
formed during the in vitro culture, and these aggregates were maintained throughout the whole culture period. (A) SPLA microparticles and (B) SPLA/BG
microparticles. Original magnification 10! .

Fig. 4. MC3T3-E1 cell proliferation in TCPS, SPLA and SPLA/BG
microparticles. Extrapolation from DNA to cell number was performed
using a standard curve of DNA from known cell numbers. The
proliferation of the cells is reduced for both polymer and composite
microparticles when compared to TCPS. Nevertheless, cells are able to
remain viable and proliferate at the surface of the carriers. Statistical
analysis was performed through the t-test. * and ** indicate significant
differences between TCPS and SPLA, SPLA/BG, respectively. Statistically
significant differences between SPLA and SPLA/BG (#) found only for
values at 14 days.
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4. Discussion

Starch-based biodegradable microparticles were evalu-
ated in this study for their ability to allow cell adhesion,
proliferation and expression of the osteoblastic phenotype
of cells cultured on their surface. One of the drawbacks of
using biodegradable materials for many biomedical appli-
cations is the fact that their biodegradable nature
challenges the adhesion of cells to their surface [32]. While
for many materials low cell adhesion efficiency creates the
need for surface modification [33], in this study, cell
adhesion to the surface of non-surface modified starch-
based microparticles reached values up to 60%. Consider-
ing that the microparticles were not subjected to any kind
of surface modification to enhance cell adhesion, cell
adhesion values are likely due to the presence of high
number of hydroxyl (OH) groups at the surface of the
microparticles due to the starch component of the material.
For other starch-based materials, the adhesion of cells has
been shown to be higher for materials with lower oxygen
content [34], although hydroxyl groups/high ratio of
oxygen to carbon have been shown to enhance cell
adhesion [35,36]. Studies of the surface chemistry by
X-ray Photoelectron Spectroscopy (XPS) could help

elucidate this result. In addition, the presence of Bioactive
Glass 45S5 might also contribute to the differences in cell
adhesion observed between polymer and composite micro-
particles. Bioactive Glass 45S5 has been extensively studied
and it has shown, both in vitro and in vivo, adequate
properties for osseous applications [37–44]. We have
studied previously the production of composite SPLA–BG
45S5 microparticles [20], and observed that the surface
morphology was not altered by the presence of the ceramic
component. However, Bioactive Glass 45S5 might alter the
surface chemistry of the microparticles and this can be the
basis for the differential cell adhesion of MC3T3-E1 pre-
osteoblastic cells to the surface of polymer and composite
microparticles.
It was previously suggested [45] that surfaces that show

good cell attachment at early time points do not necessarily
promote cell proliferation or differentiation. In the present
case, cell proliferation on the surface of both polymer and
composite microparticles is significantly lower compared
with proliferation values on TCPS. These rates can be due
to (i) a heterogeneous surface, where domains richer in
the starch component alternate with domains richer in the
PLA component; (ii) degradation of the material, that
causes removal of potential adhesion points for cells and
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Fig. 6. Alizarin Red staining for TCPS (A), SPLA (B) and SPLA/BG (C) microparticles, evidencing the higher mineralization levels for both polymer and
composite microparticles compared with TCPS. Original magnification 100! .
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Fig. 5. RT-PCR analysis of osteoblastic genes expressed by MC3T3-E1
cells. Cells were cultured on TCPS, SPLA and SPLA/BG microparticles
for 14 days, then evaluated by RT-PCR. Transcripts evaluated were
osteopontin, osteocalcin, collagen type Ia and Runx-2. GADPH, a
housekeeping gene, was run as a loading control.

Fig. 7. Alizarin Red dye quantification for TCPS (control), SPLA and
SPLA/BG microparticles. After staining the dye was extracted and
quantified in a spectrophotometer. The OD values were normalized for the
cell number. Statistically significant differences were found between all
conditions (TCPS vs. SPLA, p " 0:002; TCPS vs. SPLA/BG, po0:0001;
SPLA vs. SPLA/BG, p " 0:0068, for n " 3.
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(iii) formation of 3D aggregates between microparticles
and cells that may hinder the proliferation of cells in the
inner areas of the aggregate. In this scenario, proliferation
would be localized to the outer surface of the aggregate.
A possible solution to overcome this drawback makes
use of dynamic cell culture conditions, in which the
circulation of nutrients and waste products removal is
enhanced [46–48].

With these results, we would expect the osteoblastic
phenotype of the cells to be affected. However, RT-PCR
results show that cells are able to maintain their phenotype
when cultured at the surface of the microparticles.
Although only a residual amount of alkaline phosphatase
was detected, gene expression constitutes a proof of the
osteoblastic phenotype. Lineage allocation to osteoblasts
has been shown to be controlled at the transcriptional level
by Runx2, an osteoblast-specific transactivation factor
[49,50]. In the present study Runx2 expression was
observed for both polymer and composite microparticles,
its expression being enhanced in composite SPLA/BG
microparticles. The higher level of expression observed for
cells cultured at the surface of composite microparticles
was also observed for the other osteoblastic markers.

The differences in gene expression observed between
polymer and composite materials are most likely due to the
presence of Bioactive Glass 45S5. Other works [51–53] have
shown that the ionic products of bioactive glass dissolution
can stimulate genes concerned with osteoblastic metabo-
lism and bone homeostasis. We have already shown before
[20] that composite SPLA–BG microparticles are bioactive,
and this bioactivity was shown in vitro by ionic dissolution
followed by precipitation of calcium phosphate at the
surface of the microparticles. In the present case, MC3T3-
E1 cells seem to be stimulated by composite microparticles
to express higher level of gene transcripts that denote their
osteoblastic nature, and we assume the presence of
Bioactive Glass and the ionic dissolution phenomenon to
be responsible for this result.

Well correlated with the results for gene expression are
the results of the Alizarin Red staining, evidencing
mineralization. For polymer and composite microparticles,
mineralization was greatly enhanced when compared with
the one for TCPS, both quantitatively and temporally.
Cells in TCPS did attain similar levels of mineralization to
those found for cells cultured on the surface of polymer
microparticles, but with a 2-week delay.

In summary, although cell adhesion had lower values
and proliferation rates are slower for polymer and
composite microparticles when compared to control
(TCPS), cell-specific functions were enhanced. Altogether,
there was a more robust expression of the osteoblastic
genes and an increase in critical mineralization activity.
When SPLA and SPLA/BG are compared, the composite
microparticles present a superior array of desirable
features. These include bioactivity (as previously shown),
higher values for cell adhesion as well as enhanced
expression of osteoblastic markers and calcium deposition.

5. Conclusions

In a previous study we have proven, through the
formation of a calcium-phosphate layer at their surface,
the in vitro bioactivity of starch-based microparticles. This
characteristic allows one to infer about the osteoconductive
and osteoinductive behavior of these materials. Addition-
ally, these materials were shown to be able to incorporate
and release bioactive molecules, such as dexamethasone
and growth factors. We now show yet another role of these
microparticles, namely the enhancement of the expression
of the osteoblastic phenotype by pre-osteoblastic cells
cultured at their surface.
The data herein presented confirms that starch-based

microparticles (both polymer and composite) are capable
of supporting the in vitro growth and maturation of
osteoblast-like cells. Differences between polymer and
composite microparticles include higher cell adhesion
values, mineral deposition and gene expression for the
latter.
In addition to the previously described roles these

systems can play, this study further confirms that these
starch-based microparticles could be used in bone-tissue-
engineering strategies incorporating bioactivity, controlled
release and cell support properties.
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