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Current efforts in bone tissue engineering have as one focus the search for a scaffold material
that supports osteoblast proliferation, matrix mineralization, and, ultimately, bone formation. Elec-
trospraying of polymer solutions has enabled the engineering of porous materials to meet current
challenges in bone replacement therapies. Porous scaffolds of poly(�-caprolactone)/poly(diisopropyl
fumarate) compatibilized blend for bone tissue engineering were obtained by electrospraying tech-
nique in order to create a better osteophilic environment for the growth and differentiation of
osteoblasts. Non-porous films having smooth surface were obtained by casting and used for com-
parison purposes. Studies on cell-scaffold interaction were carried out by culturing two osteoblast-
like cell lines, MC3T3E1 and UMR106, on three-dimensional scaffolds and two-dimensional
films. Growth, proliferation, and differentiation (alkaline phosphatase activity) of osteoblasts, were
assessed. Scaffolds displayed a highly porous structure with interconnected pores formed by poly-
mer microparticles, and higher hydrophobicity than the observed in non-porous films. The adhesion,
proliferation and alkaline phosphatase activity of cells grown on the porous scaffolds increased sig-
nificantly in comparison to those observed on flat films. The rough surface morphology of this novel
scaffold enhances osteoblast response. These results suggest that electrosprayed porous scaffolds
may be potentially used as tissue engineering scaffolds with high bone regenerative efficacy.

Keywords: Electrospraying, Bone Tissue engineering, Adhesion, Proliferation, Alkaline
Phosphatase.

1. INTRODUCTION

Current challenges in the field of tissue engineering lie
in the design of biocompatible scaffolds of natural, syn-
thetic or composite biomaterials that mimic the structural
and biological functions of natural extracellular matrix
(ECM).112 There are many clinical reasons to develop bone
tissue-engineering alternatives, including the need for bet-
ter filler materials that can be used in the reconstruction
of large orthopaedic defects and the need for orthopaedic
implants that are mechanically more suitable to their bio-
logical environment.3 Appropriate three-dimensional scaf-
fold is an essential component for a tissue engineering

∗Author to whom correspondence should be addressed.

strategy. Besides the choice of adequate materials, the
macro and micro-structural properties of the materials are
of major importance. Such properties affect not only cell
survival, signalling, growth, propagation, and reorganiza-
tion but also their gene expression and the preservation, or
not, of their phenotype.4

Although different fabrication methods have been
reported to prepare highly porous artificial matrices,215

cost-effective techniques that can yield scaffolds that are
capable of directing healthy and homogeneous tissue
development are increasingly needed.

Electrospraying is a novel electrohydrodynamic fab-
rication method that increasingly attracted the attention
of researchers who are interested in building micro- or
nanometer architectures with a controllable microstructure
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such as functional tissue scaffolds, drug delivery carriers,
patterned biochips, and bioactive films or coatings.6 This
technique produces particles with dimensions that range
from micrometers to nanometers depending on the pro-
cessing parameters, and represents an exciting opportunity
to scaffold fabrication for biomedical applications. The
principle of electrospraying is essentially the same as that
of electrospinning. In a typical process, a solution is fed
to a nozzle and a droplet forms at the nozzle. When the
droplet is exposed to a strong electric field, a charge is
induced on the surface of the droplet. Influenced by the
electrostatic field, the droplet at the tip of nozzle forms
a conical shape. From the tip of this cone, a charged jet
of solution is propelled to the grounded collector. Electro-
spraying results from the interaction of bulk and surface
electrohydrodynamic forces breaking the jet into droplets.
Due to surface tension the jet fragments acquire a spherical
shape before being deposited on a grounded substrate.7 In
electrospinning the jet creates a solid micro/nanofiber.8–10

These electrohydrodynamic processes are affected by a
multitude of variables, such as physicochemical proper-
ties (polymer molecular weight and concentration, solvent,
conductivity, surface tension), and processing parameters
(applied voltage, needle to collector distance and solu-
tion flow rate). The most important variable distinguishing
electrospraying and electrospinning is the polymer concen-
tration of the solution used in the process. The droplet gen-
eration is a consequence of using a lower concentration of
polymer solution that what is used in electrospinning.7111

Electrospray deposition technology can be used to
design scaffold materials, which will mimic the native
ECM for guiding cell growth or tissue generation. Electro-
spraying was also reported as a useful alternative method
for surface modification of biomedical implants, chang-
ing the surface properties of implants using superior
coatings.12 This technique also is attractive for drug deliv-
ery applications, allowing the delivery of bioactive agents
with a variety of release profiles.12

Synthetic biodegradable polymers are demonstrated to
be excellent materials for use as scaffolds in different
areas of tissue engineering and regenerative medicine.12

In previous works, Cortizo et al.14 have reported that
films of poly(�-caprolactone) (PCL) and poly(diisopropyl
fumarate) (PDIPF) supported adhesion, proliferation and
differentiation of UMR106 and MC3T3E1 osteoblast-like
cell lines without evidence of cytotoxicity, suggesting that
these polymers could be useful in bone tissue regeneration.
In the present work, a compatibilized blend of PCL and

PDIPF with mechanical properties comparable to those of
trabecular bone, intermediate degradation rate between the
homopolymers, and demonstrated biocompatibility,15 was
prepared and processed by electrospraying. The aim of this
study was to characterize and to evaluate the activity of
MC3T3E1 and UMR106 cells comparing its behavior on
different substrates (porous scaffolds and flat films).

2. MATERIALS AND METHODS

2.1. Synthesis and Characterization of Polymer
Blends

Poly(diisopropyl fumarate) (PDIPF) was synthesized by
microwave-assisted radical polymerization using benzoyl
peroxide as initiator.16 Briefly, 1 g monomer was added to
a previously weighed amount of initiator (30 mM) under
nitrogen atmosphere into a 25 cm3 conical Pyrex flask
closed by a septum. The reactor was subjected to different
times and power of microwave irradiation using a domestic
microwave oven (Zenith, ZVP-2819). After reaction, the
polymers were isolated and purified by solubilisation in
toluene and then it was precipitated dropped on methanol.
The resulting blend was dried until constant weight was
achieved. In this work a sample of weight-average molec-
ular weight Mw = 131 kg mol−1 and polydispersity index
PDI = 2.0, was used. Poly(�-caprolactone) (PCL, Mw =
65 kg mol−15 and PDI= 1.4, was purchased from Aldrich
Chemical Co.
Compatibilized PCL/PDIPF blend (75:25 by weight)

were obtained by using a Bandelin Sonopuls HD60 ultra-
sonic homogenizer at 20 �C as previously described.15

Average molecular weights and molecular weight distri-
bution of the polymers were determined by size exclusion
chromatography (SEC) using a gradient pump (Pharmacia,
LKB-2249) attached to a Miran 1A infrared spectropho-
tometer detector at a wavelength of 5.75 �m. A set of
�-Styragel columns, ranging in pore size 105, 104, 500,
100 Å, conditioned at 25 �C were used to elute the samples
of 4–5 mg mL−1 concentration at 0.5 mL min−1 HPLC-
grade chloroform flow rate. Calibration curve was estab-
lished using poly(methyl methacrylate) standards.

2.2. Films and Scaffolds Preparation

Polymeric films were prepared by solvent casting tech-
nique from chlorofom solutions 5% wt/wt and poured
onto glass Petri dishes of 19.6 cm2. The solvent was
allowed to evaporate at room temperature, and the result-
ing films were exhaustively dried under vacuum until con-
stant weight was achieved.

Porous scaffolds were obtained by electrospraying tech-
nique. Solutions were prepared by dissolving PCL/PDIPF
blend in chloroform (4% wt). The clear solution was
loaded into a standard 10 mL plastic syringe connected to
a polyamide tube, the open end of which was attached to
a blunt 18-gauge stainless steel hypodermic needle (I.D.=
00838 mm) used as the nozzle. A programmable syringe
pump (Activa A22 ADOX S.A., Argentina) connected to
the syringe controlled the flow rate. A high-voltage power
source (ES30P, Gamma High Voltage Research Inc.) was
used to charge the solution by attaching the electrode of
positive polarity to the nozzle, and the grounding one to
the aluminium collecting target covered with glass plates
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Fig. 1. Schematic diagram of an experimental setup for electrospraying
solutions.

(2.6 cm long×1.8 cm wide). All experiments were carried
out at room temperature in a chamber having a ventilation
system. Solutions were electrosprayed at a positive high-
voltage gradient of 0.7 kV/cm and a solution flow rate
of 1.5 mL/h during 10 min. Figure 1 shows a schematic
diagram of the electrospraying process. The glasses con-
taining the scaffolds were dried under vacuum at room
temperature to fully eliminate the residual solvent, and
stored in a desiccator until use.
Both solution-cast films and porous scaffolds were ster-

ilized by UV exposition for 2 h. SEC confirmed that
no degradation of the material had occurred during this
treatment.

2.3. Morphology Characterization

Morphologies of plain and porous surfaces were qual-
itatively characterized by scanning electron microscopy
(SEM). Samples were viewed under Philips 505 scanning
electron microscope operated at an accelerating voltage of
20 kV. Polymeric surfaces were sputter coated with gold
before viewing under SEM. The images were analyzed by
using Soft Imaging System ADDA II.

2.4. Contact Angle Measurements

Water contact angle (WCA) measurements were carried
out using a ramé-hart Model 500 goniometer (ramé-
hart instrument co., USA) in the static contact angle
mode. Double-distilled water was used in the measure-
ment. Images were analyzed with DROPimage Advanced

v2.2 software. All the tests were performed on the air-
facing surfaces of the samples. At least six measurements
on different positions on the sample surface were per-
formed to calculate the mean static contact angle.

2.5. Cell Culture and Incubation

UMR106 rat osteosarcoma cells and MC3T3E1 mouse
calvaria-derived cells were grown in DMEM containing
10% FBS, 100 U/ml penicillin and 100 �g/ml strepto-
mycin at 37 �C in a 5% CO2 atmosphere.17 Cells were
seeded on 75 cm2 flasks and sub-cultured using trypsin-
EDTA. The UMR106 cell line has been shown to con-
serve certain characteristics of differentiated osteoblastic
phenotype.18 For the different experiments, cells were
seeded over polymeric scaffolds and were cultured in 10%
FBS-DMEM during different incubation periods. In the
case of the pre-osteoblastic MC3T3E1 line, cells were
induced to differentiate by culturing in an osteogenic
media supplemented by 5 mM �-glycerol-phosphate
(�GP) and 25 �g/ml ascorbic acid (AA) for 7 days, chang-
ing the medium every other day.19 The different culture
periods for these cells are due to the different level of ALP
expression in both cells lines.18119

2.6. Cell Adhesion and Proliferation

The adhesion assay was performed as reported
previously.14120 Briefly, cells were plated in DMEM-10%
FBS on a polymeric matrix at a seeding density of 105

cells/ml, and allowed to adhere for 1 h at 37 �C. For
proliferation studies, cells were cultured for 24 h. At the
end of the incubation period, osteoblasts were washed
with PBS, fixed with methanol and stained with Giemsa
as we have previously described.14 The number of cells
on each scaffold was evaluated by optical microscopy,
counting ten representative fields per film.

2.7. Evaluation of Markers for Osteoblastic Phenotype

The ability of the cells to express markers of osteoblas-
tic phenotype associated with bone-forming capacity was
evaluated by measurement of ALP activity at 24 h.21

Briefly, cells were washed with PBS and solubilized
in 0.5 ml 0.1% Triton X-100. Aliquots of this total
cell extract were used for protein determination by the
Bradford technique22 and for measurement of ALP activ-
ity by spectrophotometric determination of initial rates of
hydrolysis of para-nitrophenyl-phosphate (p-NPP) to para-
nitrophenol (p-NP) at 37 �C for 10 min. The production
of p-NP was determined by absorbance at 405 nm. Under
our experimental conditions p-NP production was linear
for 15 min.
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2.8. Statistical Analysis

Results are expressed as mean±SEM and, unless indicated
otherwise, were obtained from two separate experiments
performed in triplicate. Differences between the groups
were assessed by one-way ANOVA with Tukey post-hoc
test. For non-normal distributed data, a non-parametrical
Kruskal–Wallis with Dunn post-hoc test was performed
using GraphPad In Stat version 3.00 (Graph Pad Software).
A p value< 0.05 was considered significant for all statis-
tical analyses.

3. RESULTS AND DISCUSSION

3.1. Characterization of Films and Scaffolds

Figures 2(a) and (b) shows the surface morphology of
solution-cast films. Micrographs revealed a smooth surface
with the presence of voids and typical spherulite-like mor-
phology, as described in previous studies.15123

The morphology of the structures obtained by electro-
spraying was also examined by SEM (Figs. 2(c and d)).
The concentration and viscosity of the PCL/PDIF solu-
tion used in the electrospraying process was low enough
to avoid micro/nanofiber formation. Electrospraying pro-
duced a homogeneous and uniform microparticle deposi-
tion over glass substrates. In the experimental conditions

(a)

(c)

(b)

(d)

Fig. 2. Scanning electron micrographs showing the surface morphology of PCL/PDIPF systems: (a) and (b) solution-cast films at 1000× and 100×
magnification, respectively; (c) and (d) glass substrates covered with multilayers of microparticles formed by electrospraying, at 1000× and 400×
magnification.

of this work, polymer microparticles of uniform size
(607±001 �m in diameter) were obtained. The layers of
randomly deposited droplets generated a three-dimensional
scaffold with high porosity and interconnected pore struc-
ture that improve cell incorporation into the scaffold, as
demonstrated in the next Section. This fact is extremely
important, due to in other porous structures such as elec-
trospun nanofibrous scaffolds, cell infiltration or perme-
ability is difficult to achieve, requiring additional strategies
to allow cell incorporation.8

The wetting of porous solids involves contact angle
phenomena but is complicated by the presence of porous
or textured architectures.24–26 The roughness and poros-
ity affect dramatically the contact angle. WCA measure-
ments revealed a significant difference between the contact
angle values of flat film (74� ± 1�) and porous scaffolds
(132� ±1�). Air pockets are trapped below the liquid,
inducing a composite interface between the solid and the
drop. A drop eventually sits on a patchwork of solid and
air, given rise to the measurement of an apparent con-
tact angle with more hydrophobic character. Quantitative
details of this behavior are extremely complex because of
the very intricate structure of real porous media,26 and they
are out of the scope of this work. However, these appar-
ently more hydrophobic surfaces could affect, at least ini-
tially the attachment of cells. Consequently, the growth and
development of osteblasts it is expected to be modulated
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by the hydrophobicity and topographic characteristics of
the surfaces.

3.2. In Vitro Cell Studies

In order to investigate the effect of topography of films and
scaffolds on the biocompatibility response, two osteoblast-
like cell lines were used to study their adhesion, prolifer-
ation and expression of the enzyme alkaline phosphatase,
as a marker of osteoblastic differentiation.
The aspect and quantitative analysis of osteoblast num-

ber attached to both film and scaffold is displayed in
Figure 3. Giemmsa staining shown that the cells adhered
well to either the film or the electrosprayed scaffold. After
one hour incubation, osteoblast look rounded in shape and
appear in discrete areas of the films. However, when cells
were seeded onto the scaffolds, more cells can be seen.
In addition it was evident that osteblasts attached to the

Fig. 3. Adhesion of UMR106 (A, B) and MC3T3E1 (C, D) osteoblasts
plateled over the solvent-cast films (A; C) and the electrosprayed scaffold
(B; D). Cells were incubated for 1 h and stained with Giemsa. The cells
in ten fields per samples were counted and expressed as percentage of the
cells in the cast film. Results are expressed as mean±SEM. &: p < 0001.

complete surface in a homogeneous manner. The quantifi-
cation of these observations is shown in the lower panel
of the Figure 3, demonstrating the statistically more cells
(about 3 fold) were adhered to the porous scaffolds. These
observations suggest that a porous and more hydrophobic
matrix is promoting a strong adhesion of osteoblasts.

To determine whether weaker adhesion strength could
affect the cells growth or result in the differential expres-
sion of osteogenic markers, we used osteoblast on both
film and scaffold and evaluated proliferation and ALP
expression. Figure 4 shows the morphology and number of
osteblasts grown in both film and scaffold after 24 h of cul-
ture. It can be see that UMR106 and MC3T3E1 cells show
spreading and process connecting each other in both sur-
faces. However, in the electrosprayed scaffold the number
of growing cells is significantly increased in comparison
to solvent-cast films (2–3.7 folds for MC3T3E1 and
UMR106 cells, respectively).

Fig. 4. Proliferation of UMR106 (A, B) and MC3T3E1 (C, D)
osteoblasts plateled over the solvent-cast films (A; C) and the electro-
sprayed scaffold (B; D). Cells were cultured for 24 h and stained with
Giemsa. The cells in ten fields per samples were counted and expressed
as percentage of the cells in the cast film. Results are expressed as
mean±SEM. &: p < 0001.
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Fig. 5. ALP of cells UMR 106 and MC3T3 E1 over the electrosprayed
scaffold and solvent-cast films. Cells were cultured for 2 (UMR106) or
7 days (MC3T3E1). After this culture period, cells were extracted and
the ALP evaluated as described in Materials and Methods. The activity is
expressed as % of cast film and represent the mean±SEM. &: p < 0001;
#: p < 0005.

Finally, the ability to differentiate and express ALP, a
marker of osteoblastic activity, was investigated by cul-
turing UMR106 and MC3T3E1 cells during 2 or 7 days,
respectively on film or scaffolds. When grown on the film,
the ALP expression of UMR106 cells was of 233 nmol
p-NP/min.mg protein, while the ALP level for MC3T3E1
was of 2.1 nmol p-NP/min.mg protein. Beside these differ-
ences, both osteoblastic lines were induced to express sig-
nificantly more ALP when growing on the electrosprayed
scaffold than on the casted film, as showed in Figure 5.
The cellular behaviour on biomaterials is a crucial factor

for the evaluation of the biocompatibility of a biomaterial.
This novel scaffold is characterized for a rough and porous
although more hydrophobic surface. However, these prop-
erties are able to enhance the adhesion, proliferation and
differentiation of the osteoblast in culture. Other authors
have previously associated the porosity or the hydropho-
bicity with the biocompatibility of different materials. Our
present results, however do not agree the general find-
ing that hydrophobic materials do not support adhesion
and spreading of cells.27 Nevertheless, other authors have
been demonstrated that even when materials are relatively
hydrophobic, osteblasts can growth and differentiated and
mineralize the culture.28

All together these results suggest that scaffolds pre-
pared by electrospraying of polymer solutions may be
helpful in improving osteoblastic growth and in turn in
osteointegration.

4. CONCLUSIONS

Highly porous scaffolds of PCL/PDIFP blend were suc-
cessfully produced by microparticle deposition through

electrospraying technique. These scaffolds exhibit a differ-
ent topographic characteristic in comparison with solution-
cast films as well as porous scaffolds obtained by other
classical techniques.
In vitro cell culture experiments suggest that the three-

dimensional electrosprayed scaffold offered favorable sur-
face topography and osteoinductive environment for the
attachment and growth of osteoblast-like cells, the scaffold
being more osteogenic than films of the same blend. These
porous structures may potentially be used in bone tissue
engineering.
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