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Abstract
This study focusses on the gene expression proﬁle related to a new rhBMP-2 carrier material, chitosan ﬁlm. This ﬁlm could be suitable
for use as an osteoinductive coating of commercially available titanium implants. The developed material was characterized, biocompatibility was tested and the cellular response was extensively characterized by transcriptional expression studies. Finally, in vivo studies
were carried out to conﬁrm the osteoinductivity of the developed coating. Results show good material properties for cell adhesion
and proliferation. Presented data show cellular diﬀerentiation to the osteoblastic phenotype due to rhBMP-2, with a 90% common transcriptional response between the control rhBMP-2 treatment and the developed chitosan/rhBMP-2 ﬁlm. The growing surface also had an
inﬂuence on the observed cellular response and was quantiﬁed as 7% of the total. These results indicate that both the growth factor and
the material induce a cell response, but this is mainly driven by the osteoinductor factor. In vivo, new bone formation and early vascularization was observed around chitosan/rhBMP-2 coated titanium pieces implanted in mouse muscle. In contrast, control implants did
not induce this reaction. This work, therefore, shows both in vitro and in vivo that chitosan/rhBMP-2 ﬁlm is a promising osteoinductive
coating for titanium implantable materials.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Bone morphogenetic proteins (BMPs) are factors present in bone matrix which can induce de novo bone formation. For this reason, BMPs have been widely studied for
possible clinical applications [1–6]. One of the most representative members of this family is BMP-2. It is well known
for its ability to form ectopic bone and has been successfully tested for in vivo bone formation in rats, rabbits,
sheep, and humans [7–10].
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Application of BMP-2 for in vivo experiments is carried
out by combining this factor with diﬀerent materials such
as autograft or allograft bone, collagen sponge, synthetic
polymers, and others [11–15]. Usually, three-dimensional
‘‘biomimetic” structures are designed to allow bone formation, prevent protein degradation by proteases and allow a
sustained release of the BMP-2. Unfortunately, most of
these new bone tissue engineering approaches are not clinically available [1,16–20], and conventional surgery procedures and materials (i.e., titanium implants) are still the
most used. The improvement of these clinically available
materials is an interesting research area and the abovementioned tissue engineering approaches could be used
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for this purpose. For example, osteoinductive properties
can be added by an rhBMP-2 carrier coating [21–26].
Chitosan is a suitable biodegradable biopolymer for
covering complex surfaces. This copolymer of N-acetylglucosamine and glucosamine is well known for its numerous
interesting biological properties. Chitosan has been extensively studied for drug delivery systems, and a wide variety
of biomedical applications has been reported [27–31]. Some
studies have found chitosan to be an osteoinductive material when it is cultured with bone cells or implanted in bone
tissue [32,33]. Chitosan is a versatile polymer that can be
chemically modulated and can also be obtained in diﬀerent
structures (powders, nanospheres, 3D structures, etc.). It
has excellent ﬁlmogenic properties, providing a biocompatible substrate for growing diﬀerent kind of cells [34–41].
This research focuses on the development of an rhBMP2 carrier chitosan coating, in order to improve oseointegration of implantable materials. In previous studies, we have
shown that the developed coating ﬁlm manufacture process
does not inactivate rhBMP-2. We also reported that the
ﬁlm is enzymatically degradable and is able to deliver
active rhBMP-2 adequately for regenerative purposes
[42]. In addition, developed ﬁlms support cellular adhesion
and proliferation, and diﬀerentiate the C2C12 cell line
towards osteoblastic phenotype [25]. Finally, the team
has also reported that this coating is able to improve oseointegration of clinically available materials such as porous
ceramics and titanium implants [25,43].
The aim of this article is the in-depth exploration of the
in vitro cell response to developed chitosan/rhBMP-2 coating. To do this, diﬀerent properties of the ﬁlm related to
cell adhesion and proliferation were studied. Then, the
in vitro cell transcriptional responses to chitosan/rhBMP2, chitosan ﬁlm and rhBMP-2 were compared and ﬁnally
the usefulness of this osteoinductive coating on titanium
implants was conﬁrmed in vivo.
2. Materials and methods
2.1. Bone morphogenetic protein-2 (BMP-2)
Escherichia coli produced recombinant human BMP-2
(rhBMP-2) was generously supplied by Noricum S.L.
(Spain).
2.2. Characterization of chitosan
Chitosan was obtained by heterogeneous hydrolysis of
chitin isolated from shrimps (Pleoticus mülleri). This
polymer was characterized using the ASTM F2103-01 standard Guide for Characterization and Testing of Chitosan
Salts as Starting Materials Intended for Use in Biomedical
and Tissue-Engineered Medical Product Applications
(TEMPS). Table 1 summarizes all the measured parameters which characterize the chitosan used for ﬁlm formation, and also the measured ﬁlm properties which are
related to biocompatibility and the intended use.

Table 1
Chitosan powder and chitosan ﬁlm properties.
Chitosan powder
Molecular weight
Deacetylation degree
Water content
Ash content

56,100 g mol1
84 ± 0.7%
5.3 ± 0.50%
0.39 ± 0.10%

Chitosan ﬁlms
Thickness
Surface roughness
Contact angle
Swelling rate

4 lm
10.8 ± 3.6 nm
66 ± 4.8°
133.6 ± 10.4%

2.3. Chitosan ﬁlm preparation
A sterile 1% (w/v) chitosan solution in 50 mM acetic
acid was used to coat the samples. Two hundred microliters
of this solution were layered over each cm2 of cell culture
surface. Then, samples were dried in a sterile laminar ﬂow
hood at room temperature. Films were treated with buﬀer
phosphate 0.25 M pH 7.0 and extensively washed with
PBS. The rhBMP-2 ﬁlm activation was done as previously
described [25,44].
2.4. Chitosan coating thickness measurement
Chitosan thickness was calculated as previously
reported [43]. Brieﬂy, ﬁlms were formed as described and
a scar was made on the chitosan ﬁlm. Proﬁle of the
cross-section of the scratch track was measured with a
white light interference microscope (MicroXAMTM Optical
Proﬁler).
2.5. Surface roughness measurement
Chitosan ﬁlms were formed as described. Film surface
roughness was measured with a white light interference
microscope (MicroXAMTM Optical Proﬁler). Roughness
average data was reported in nanometers (DIN 4768
standard).
2.6. Contact angle measurement
Hydrophobicity of chitosan ﬁlm was characterized by
measuring the contact angle between the water droplets
and ﬁlm surface. A HamiltonTM microliter syringe was used
to put a 5 ll water droplet onto chitosan ﬁlm surface. Contact angle was recorded 1 min after the formation of the
drop with a goniometer equipped with a video monitor
(NRL, Rame Hart, USA). Three readings were taken,
and the average was reported. Measurements were performed at room temperature and ambient humidity.
2.7. Swelling studies
Dry ﬁlms were weighed and immersed in PBS at 37 °C
under continuous stirring overnight. After 24 h they were
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