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ABSTRACT: The development of novel materials capable of delivering multiple growth
factors is urgent and essential for rapid and e�ective tissue regeneration. In this study, a kind
of composite �lm composed of poly-L-lysine (PLL), heparin (Hep), and Au nanoparitcles
(Au nps) has been fabricated to deliver the basic �broblast growth factor (bFGF) and bone
morphogenetic protein-2 (BMP-2) simultaneously. The �lms have been found to show
enhanced mechanical property due to the incorporation of Au nps. They have also shown
good anticoagulation activity with long activated partial thromboplastin time because of the
contribution of Hep molecules. Moreover, the osteogenesis studies reveal that the loaded
bFGF and BMP-2 in the composite �lms have a synergistic di�erentiation e�ect on
mesenchymal stem cells, as indicated by alkaline phosphatase (ALP) activity assay and
collagen type I (Col-I) gene expression. In contrast to the (PLL/Hep)6/BMP-2/(PLL/Au
nps)6/(PLL/Hep)6 and (PLL/Hep)6/(PLL/Au nps)6/(PLL/Hep)6/bFGF �lms, the (PLL/
Hep)6/BMP-2/(PLL/Au nps)6/(PLL/Hep)6/bFGF �lms have shown higher ALP activity
and higher Col-I expression level. Therefore, the developed multifunctional �lms could be
potentially used as osteoinductive coatings of biomaterials. Particularly, this simple and convenient strategy provides an e�ective
approach for the immobilization of multiple growth factors, which may be extended to other bioactive systems for the
development of novel multifunctional bioactive surfaces.

� INTRODUCTION
Growth factors refer to naturally occurring proteins capable of
targeting speci�c cellular receptors and triggering various
cellular processes.1�3 They have generated numerous clinical
trials and are of great interest in regeneration medicine and
tissue engineering. However, there are still some challenges to
the use of growth factors such as high cost, easy denaturation,
short biological half-life, rapid local clearance by circulation, and
potential side e�ects in supra-physiological dosage.4�6 There-
fore, many researchers have focused on the investigation of
localized delivery systems that can o�er the potential of
concentrating them and of protecting them from denatura-
tion.7�9

Particularly, glycosaminoglycan-containing biomaterials have
become an attractive delivery method for growth factors due to
the speci�c binding a�nity between them. Among these
glycosaminoglycans, heparin (Hep), a negatively charged
polysaccharide, is especially attractive because of its high
content of sulfate groups in the polymer chains. It has been
shown to have strong a�nities for a class of growth factors,
such as the basic �broblast growth factor (bFGF), vascular
endothelial growth factor, transforming growth factor �, and
bone morphogenetic protein (BMP).10 In addition to the
localized delivery of a single factor, simultaneous or sequential
delivery of multiple growth factors has also been studied for the
enhancement of therapeutic e�ciency.11,12 However, embed-
ding Hep in delivery systems often leads to chemical or

conformational variation of the structure, resulting in a loss of
the inherent activity of Hep.13 Therefore, the development of
novel systems is highly required to e�ciently encapsulate
growth factors as well as to minimize the loss of Hep activity.
Layer-by-layer (LbL) assembled systems could be potential
candidates due to the fact that a large variety of biological
objects have been deposited without denaturation, including
lipids, proteins, bacteria, viruses, and so on.14�17

In the last two decades, the LbL assembly has become a
convenient method for fabricating multilayer �lms, regardless of
the dimension and topography of the substrates. The method
provides simplicity, versatility, and nanoscale control, making it
one of the most widely used technologies for surface
functionalization in many �elds, especially in cellular and tissue
engineering.18�25

In this study, Hep was assembled by the LbL assembly
technique using poly-L-lysine (PLL), a positively charged
polypeptide, with simultaneous immobilization of bFGF and
BMP-2. bFGF is a well-known growth factor, which exerts
stimulatory e�ects on the migration and proliferation of various
types of cells, such as vascular cells and osteoblasts, and has
been recognized as an important growth factor in the process of
bone fracture healing.26 BMP-2 is the most potent growth

Received: November 23, 2016
Accepted: January 18, 2017
Published: March 14, 2017

Article

http://pubs.acs.org/journal/acsodf

© 2017 American Chemical Society 899 DOI: 10.1021/acsomega.6b00420
ACS Omega 2017, 2, 899�909

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.






















