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Summary Background/Objective: Advanced synthetic biomaterials that are able to reduce
or replace the need for autologous bone transplantation are still a major clinical need in ortho-
paedics, dentistry, and trauma. Key requirements for improved bone substitutes are optimal
handling properties, ability to fill defects of irregular shape, and capacity for delivering os-
teoinductive stimuli.
Materials and methods: In this study, we targeted these requirements by preparing a new com-
posite of b-tricalcium phosphate (TCP) and a thermoresponsive hyaluronan (HA) hydrogel.
Dissolution properties of the composite as a function of the particle size and polymeric phase
molecular weight and concentration were analysed to identify the best compositions.
Results: Owing to its amphiphilic character, the composite was able to provide controlled
release of both recombinant human bone morphogenetic protein-2 and dexamethasone,
selected as models for a biologic and a small hydrophobic molecule, respectively.
Conclusion: The TCPethermoresponsive HA hydrogel composite developed in this work can be
used for preparing synthetic bone substitutes in the form of injectable or mouldable pastes and
can be supplemented with small hydrophobic molecules or biologics for improved osteoinduc-
tivity.
Copyright ª 2015, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open ac-
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Introduction

Biomaterials able to reduce or replace the need for autol-
ogous bone transplantation are a compelling need in
maxillofacial, orthopaedic, and reconstructive surgery [1].
In the context of an increasingly ageing global population
that is keen on maintaining an active lifestyle and expect-
ing improved life quality, this need is particularly urgent.
Nowadays, bone grafting is a very common practice, with
2.2 million procedures being performed annually [2]. Ex-
amples of grafting procedures include spinal fusions, limb
length restoration, bone reconstruction after tumour
resection, and maxillary sinus augmentation [3]. In all of
these and in similar cases, bone autografts are generally
recognized as more effective than off-the-shelf alterna-
tives; however, the autograft harvesting procedure is
associated with considerable risks and donor site pain and
morbidity, thereby lowering substantially the benefit-to-
risk ratio. Therefore, calcium phosphate (CaP)-based syn-
thetic bone graft substitutes are a valid alternative to au-
tografts and have been clinically used for this purpose for
many decades [4e6]. Despite the capacity of supporting
bone ingrowth from viable bone at the grafting site
(osteoconductivity), they generally do not induce bone
growth per se (osteoinductivity). CaP-based synthetic bone
graft substitutes are specifically produced with inter-
connected porosity, which facilitates body fluids perfusion,
cell invasion, and blood vessel ingrowth. In addition, the
surface chemistry of CaP is characterized by the presence
of charges from calcium and phosphate ions. This feature is
exploited in CaP-based drug delivery systems, particularly
for genetic material [7], growth factors [8], and antibiotics
[9]. For hydrophobic drug species, the ionic nature of the
underlying interactions is a limitation to the versatility of
CaP materials as drug delivery systems. Therefore, the
combination of CaP with matrices improving their versa-
tility as drug delivery systems is highly needed.

CaPs are generally supplied as granules of varying sizes. As
withmost ceramicmaterials, they are inherently brittle, and
their mechanical strength is additionally decreased by the
porosity. These are important limitations. In fact, a funda-
mental desirable characteristic of synthetic bone substitutes
is being easily shaped to adapt to an irregular bone defect
[10]. Ideally, the construct should therefore be sufficiently
soft and plastic. At the same time, the implant should not be
dislocated after adjacent tissue compression or body fluids
washout, and therefore it should maintain its cohesion after
implantation. This is often achieved by combining CaP par-
ticles and a polymeric matrix or a hydrogel [11e17].

Hydrogels are hydrated molecular networks well-known
for their capability of acting as drug reservoirs and facili-
tating controlled drug release [18,19]. Hydrogels act as
matrices, physically slowing down drug diffusion. More-
over, depending on their composition, they can establish
specific chemical interactions with the drug and thereby
modulate the drug release kinetics. Chemical affinity is
sometimes a limitation, as non-water-soluble drugs can be
difficult to incorporate into common hydrogels, which have
inherently high water content. In this case, liposomes or
micro/nanoparticles composites are generally used
[20e22].

To target the needs of osteoconductivity, versatility,
improved handling and cohesion properties, and potential
drug delivery, we prepared a new combination of b-trical-
cium phosphate (TCP) granules with a thermoresponsive
hyaluronan (HA) matrix. In 2012, Tian et al [23] reported
the use of a thermoresponsive chitosan matrix for demin-
eralized bone matrix delivery. In our study, HA was selected
as the main component because it is fully biocompatible,
non-immunogenic, and readily available in medical grade.
HA is a natural component of the extracellular matrix
playing a key role in tissue repair [24,25]. Recently, HA was
demonstrated to improve the osteoconductive properties of
CaP [26]. In this study, HA was modified with pendant
moieties of thermoresponsive poly(N-isopropylacrylamide)
(pNIPAM) to obtain a co-polymer (HpN) that undergoes a
temperature-induced transition to a gel state. Importantly,
the transition takes place between room and body tem-
perature without covalent cross-linking and therefore in a
bio-orthogonal manner, that is, without interfering with
physiological biochemical processes.

In this study, we prepared an array of TCP/HpN com-
posites of varying TCP particle size, TCP concentration,
polymer phase concentration, and molecular weight of HA
within HpN and assessed their properties as potential syn-
thetic bone grafting materials. Handling properties were
determined through rheological and dissolution profiles and
composites were characterized via scanning electron mi-
croscopy (SEM) imaging and micro-computed tomography
(micro-CT). Selected composites were tested for their
ability to act as drug delivery vehicles. Release rates from
composites of recombinant human bone morphogenetic
protein-2 (rhBMP-2) and dexamethasone (DEX), which were
selected as models of a hydrophilic biological drug and a
small hydrophobic drug, respectively, were determined.
Finally, cytotoxicity against telomerase-immortalized
human foreskin fibroblasts was evaluated.

Materials and methods

Materials

HA sodium salts from Streptococcus equi with weight-
average molecular weight of 1506 kDa [high molecular
weight (HMW)] and 280 kDa [low molecular weight (LMW)]
were purchased from Contipro Biotech s.r.o. (Dolni
Dobrouc, Czech Republic). Amino-terminated pNIPAM
(number-average molecular weight, 34 kDa) was purchased
from Polymer Source, Inc. (Dorval, Canada). ChronOS Beta-
TCP granules with different particle sizes were supplied by
DePuy Synthes USA Products LLC (West Chester, PA, USA),
rhBMP-2 (InductOs; Medtronic BioPharma B.V., Heerlen,
Netherlands) was purchased from Alloga AG (Burgdorf,
Switzerland); DEX was purchased from TCI Europe N.V.
(Zwijndrecht, Belgium); rhBMP-2 enzyme-linked immuno-
sorbent assay (ELISA) kit Duo Set from R&D Systems Inc.
(Minneapolis, MN, USA), and Cell Titer-Blue Cell Viability
Assay from Promega AG (Dübendorf, Switzerland). All other
reagents were purchased from SigmaeAldrich (Buchs,
Switzerland). Chemicals were of analytical grade at least,
and were used without further purification.
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