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Therapeutic metal ions are a family of metal ions characterized by specific biological properties that
could be exploited in bone tissue engineering, avoiding the use of expensive and potentially problematic
growth factors and other sensitive biomolecules. In this work, we report the successful preparation and
characterization of two material platforms containing therapeutic ions: a copper(i)—chitosan derivative
and a strontium-substituted hydroxyapatite. These biomaterials showed ideal ion release profiles,
offering burst release of an antibacterial agent together with a more sustained release of strontium in
order to achieve long-term osteogenesis. We combined copper(i)—chitosan and strontium—hydroxyapatite
into freeze-dried composite scaffolds. These scaffolds were characterized in terms of morphology,
mechanical properties and bioactivity, defined here as the ability to trigger the deposition of novel calcium
phosphate in contact with biological fluids. In addition, a preliminary biological characterization using cell
line osteoblasts was performed. Our results highlighted that the combination of chitosan and hydroxyapatite
in conjunction with copper and strontium has great potential in the design of novel scaffolds. Chitosan/HA
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complex arrays of therapeutic ions in both components of the composite, leading to tailored biological
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1 Introduction

Bone repair and regeneration constitute main challenges in
reconstructive surgery as many conditions such as tumors,
bone trauma, and bone infections cause critical bone defects.
Regardless of the etiology, bone disorders are a major health
concern with an expected cost by 2020 of $2.5 billion per year
only in the USA." Major research efforts are being carried out
worldwide in the field of allografts, xenografts and other
artificial implants.”> However, to date, the golden standard in
orthopedic surgery for the reconstruction and repair of bone
defects still remains autologous bone." ™ This consists of tissue
harvested from a healthy anatomical site of the patient and

“ Institute of Biomaterials, Friedrich-Alexander-University of Erlangen-Nuremberg,
CauerstrafSe 6, 91058 Erlangen, Germany. E-mail: aldo.boccaccini@ww.uni-erlangen.de

b Lucideon Ltd, Queens Road, Penkhull, Stoke-on-Trent, Staffordshire ST4 7LQ, UK

¢ Universidad de Buenos Aires, Pharmaceutical Technology Department, Buenos Aires,
Argentina

4 CONICET (National Research Council), Argentina

¢ Laboratoire de Physique de Clermont (LPC), Institut National de Physique Nucléaire et
de Physique des Particules (CNRS/IN2P3), Université Clermont Auvergne, 4 avenue Blaise
Pascal, 63178 Aubiére, France. E-mail: lukas.gritsch@clermont.in2p3.fr

This journal is © The Royal Society of Chemistry 2019

effects, from antibacterial activity, to osteogenesis and angiogenesis.

transferred to the defect site. Autografts have two major
drawbacks: limited availability and invasive harvesting, which
can lead to inflammation, hematomas, donor site morbidity
and even nerve damage.” A possible strategy to avoid the
drawbacks of autograft with the potential to revolutionize the
current capability of medicine for bone repair and regeneration
is bone tissue engineering (BTE)." BTE combines cells, derived
from a patient biopsy or from other sources (e.g. stem cells),
with a scaffold, a three-dimensional porous structure made
from specific biomaterials. Scaffolds are specifically designed
to provide temporary support and able to stimulate cell growth and
new tissue development,” for example by delivery of biological
signals, in most cases growth factors and biologically active
molecules.?

An effective BTE scaffold must own several key properties:
interconnected porosity with adequate pore size distribution
(10-400 pm), biocompatibility, biodegradability and/or bioresorb-
ability over longer time periods, adequate mechanical properties
in the short-term and physicochemical cues for the cells.*” The
success of BTE scaffolds in clinical applications for bone repair
and regeneration is linked to the fulfillment of this complex
array of properties simultaneously, which implies that a composite
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approach, combining organic and inorganic biomaterials could
be of great advantage.® In fact, countless combinations of
organic and inorganic phases are currently under study as
composite scaffolds for BTE, exhibiting the unique feature of
merging the properties of several materials in a single device.
Comprehensive reviews on the topic are available.®”® In this work
the focus is on the use of two popular biomaterials in BTE
approaches: chitosan as matrix phase and hydroxyapatite (HA) as
filler phase.’

Hydroxyapatite (HA) has been widely studied and used for
bone tissue engineering applications.'® The production of 3D
HA scaffolds from precursor powders was demonstrated using
several methods, including thermal bonding, phase leaching,
foam replica and additive manufacturing.'! Inorganic HA scaffolds
have optimal morphology and porosity, but are usually charac-
terized by insufficient mechanical properties."* For this reason,
a composite approach aiming at the combination of HA powders
with natural polymers was often preferred, proving to be a great
candidate method for the development of scaffolds.”'*"?
Composite scaffolds based on HA powder dispersed in collagen,
silk fibroin, gelatin and chitosan have been all extensively
studied." Chitosan/HA scaffolds, in particular, are expected
to present competitive biocompatibility, osteoconductivity and
biodegradation together with sufficient mechanical strength for
orthopedic use.’ HA (Ca;(PO,)s(OH),) is a natural choice when
designing novel bone TE approaches: it is a major component
of vertebrate hard tissues and it makes up 60-70% of the mass
of bone and 98% of the mass of dental enamel. Owing to its
similarity to the natural mineral phase of human bone, artifi-
cial hydroxyapatite has been used considerably in biomedical
applications for bone repair and bone regeneration, where
osteoconductivity is considered a key property.'® Furthermore,
the particular crystalline structure of hydroxyapatite allows the
synthesis of HA derivatives in which ions in the lattice are
substituted with other species of interest (i.e. therapeutic ions),
making HA a versatile platform for the development of bio-
ceramics with multifaceted biological properties, such as anti-
bacterial effects, osteoinduction, angiogenesis regulation and
others.” These ions are naturally present in HA,'® but their
content within the lattice can be artificially tailored and
enhanced using several techniques, with specific focus on wet
co-precipitation methods,'®"” as reviewed elsewhere.'® These
methods offer high tailorability of the final composition of HA,
with biologically relevant substitution of ions. For instance,
desired ions can be added to a simulated body fluid (SBF)
solution and then precipitated to obtain ion-substituted HA®
with biomimetic potential.>**! Notably, the work published by
Bonfield, Best and collaborators on the synthesis of silicon
substituted HA showed improved attachment, growth and
production of extracellular matrix by osteoblasts.”*** Substi-
tuted HA has also already been combined with polymeric
matrices in previous studies.**

This work focuses on the use of therapeutic metal ions (TMIs)**
as possible alternatives to the use of expensive biomolecules such
as bone tissue growth factors (e.g. BMP-2). TMIs are a family of
metal ions (e.g. strontium, zinc, magnesium or copper) that have
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been found to have a key role in the regulation of several
physiological molecular pathways. TMIs are a main focus of
current biomaterials research as they can positively interact
with cells and provide a wide range of beneficial effects
depending on the specific selected ion (angiogenesis, osteo-
genesis, improved proliferation or differentiation, antibacterial
properties among others).>>>® Traditional approaches to use
TMIs in biomaterials usually aim to combine the beneficial
properties of ions embedded in particulate inorganic fillers
together with a rather inert polymer matrix by means of
composites fabrication. In this pilot study, a further improve-
ment is proposed: the possibility to use TMI-carrying biomaterials
in both phases of the composite is explored, effectively increasing
the spectrum of properties that the final construct is able to
deliver. In particular, the design and development of a chitosan/
HA composite scaffold characterized by the delivery of strontium
and copper ions by means of both its compositional phases is
presented. Specifically, strontium is substituted in the HA lattice
while copper is complexed with the chitosan matrix.

Strontium and copper were chosen as model ions to prove
the concept of multiple ion delivery owing to their tremen-
dously interesting beneficial properties. Strontium is the focus
of a big portion of bone tissue engineering research because
of its ability to enhance new bone formation and bone
resorption.?” The effect of the addition of strontium on bone
repair devices was investigated in previous studies and was
linked to the ability of this metal ion to influence the gene
expression of osteoclasts, shifting the balance of bone remodeling
toward osteoblast-mediated bone formation and remodelling.*”
Strontium can be delivered orally, but this mode lacks spatial
control of the release.> To locally stimulate regeneration/healing
of a bone defect, strontium should be included directly in the
scaffold. There are various materials science strategies for the local
and controlled release of strontium in bone tissue engineering,
many of which are already tested in vivo and in clinical trials, as
systematically reviewed by Neves et al. in a recent publication.?®
Investigations to date confirm the safety and efficacy of strontium-
containing biomaterials and highlight a principal focus on the
inclusion of the element in the structure (i.e. lattice/glass network)
of inorganic biomaterials, mainly different forms of calcium
phosphates (HA, B-TCP),>**° silicate®*> and borate®® bioactive
glasses, or silicate bioceramics.>* Among other possible appro-
aches, in this work the use of artificial hydroxyapatite was
chosen due to the promising possibility to substitute calcium
ions in the HA structure by strontium ions, even up to 100%.%

Copper was selected for its strong antibacterial properties
and angiogenic effects.>**> Copper ions are involved in the
formation of reactive oxygen species (ROS) that can have
dangerous detrimental effects if accumulated in excessive
quantity. While eukaryotic cells have mechanisms to defend
themselves from ROS, bacteria have weaker defenses and are
quickly damaged. In parallel, copper competes for active sites
of enzymes with other essential ions (e.g. calcium, iron),
denaturing proteins and possibly damaging DNA.?® Conversely,
copper can beneficially stimulate eukaryotic cells by inducing
the overexpression of vascular endothelial growth factor (VEGF)

This journal is © The Royal Society of Chemistry 2019
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and cycline D1 genes, stimulating angiogenesis and cell
proliferation.®”*

In this study, we demonstrated for the first time the process-
ability of copper(u)-chitosan into a porous copper-containing
3D matrix prepared by freeze-drying, optimizing previously
published protocols.® Strontium-substituted HA, a well estab-
lished platform for the release of ions promoting bone for-
mation and remodelling, was chosen as inorganic filler in order
to enhance the native properties of the polymer. The presence
of ions in the two biomaterials was confirmed and their release
profiles were assessed. The fabrication of composite chitosan/
HA scaffolds proved itself to be a versatile and reproducible way
to prepare constructs with the unique property of dual and
decoupled delivery of TMIs, loaded in both components of the
composite scaffold. The scaffolds were characterized morpho-
logically and physico-chemically using several techniques.
Afterwards, a preliminary characterization of the cell response
was also performed.

2 Materials and methods
2.1 Production of copper(u)-chitosan

2.1.1 Copper(u)-chitosan preparation and confirmation
of complexation. Medium molecular weight chitosan (Sigma-
Aldrich, Germany) with a degree of deacetylation (DDA) of
75-85%, molecular weight (My) of 190-310 kDa and viscosity
200-800 cP was used to prepare copper(u)-chitosan complexes
following a previously published protocol.*® Briefly, chitosan
was dissolved (2% w/v) in a 2% v/v water and acetic acid
solution (glacial acetic acid, Sigma-Aldrich, Germany). Subse-
quently, a copper source (CuCl,, Sigma-Aldrich, Germany) was
added at different ratios, as previously reported.*® Five different
formulations with a range of copper levels corresponding to an
estimated saturation of 3 to 18% of the free amino groups of
chitosan were prepared (samples named CuChi3 to CuChi18,
accordingly). After complete dissolution, mixtures were poured
dropwise in a beaker of 0.5 M NaOH (Sigma-Aldrich, Germany)
by means of a titration burette. The alkaline environment
causes immediate self-assembly of chitosan, leading to the
formation of copper(u)-chitosan hydrogel spherical pellets
and sodium chloride. This mechanism indicates that copper
loading using this technique has very high yield: copper com-
plexes almost completely with chitosan leaving negligible traces
of the metal in the aqueous phase.** The pellets were then
carefully washed until complete pH neutralization and reagents
removal, as previously demonstrated,* and finally dried at 37 °C.
The final product comprised small pellets (circa 500 pm) that could
be easily redissolved and processed as desired. The presence
of copper and absence of impurities in the final materials
were verified by energy dispersive X-ray spectroscopy (EDX),
as previously reported.*® In parallel, Fourier-transform Infrared
(FTIR) spectroscopy was used to verify successful complexation
between copper and chitosan. In addition to the previously
reported analyses,”® the complexation was further confirmed
by X-ray diffraction (XRD) using an X'Pert Pro diffractometer
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with Cu-Ko radiation (40 mV and 40 mA, 20 = 10-80°, step size
0.03 s, Philips).

2.1.2 Copper release measurement by capillary electro-
phoresis. To verify and measure the release of Cu®* from
copper(u)-chitosan, films of the different formulations were
prepared by solvent casting. Pellets of copper(un)-chitosan were
dissolved (2% w/v) in 3% v/v water solution of glacial acetic
acid, dried at room temperature in Petri dishes and finally
crosslinked with 0.1 M NaOH. The Cu*" release from the films
was studied in phosphate buffer (10 mM, pH 7.4) at 37 °C
according to a technique previously reported.*® Aliquots were
withdrawn from the media at regular intervals (1, 3 and 6 hours
and 1, 3, 7 and 14 days) and the films were re-immersed in fresh
buffer at each collection time. Quantification was made by
capillary electrophoresis:*® this method combines the in situ
complexation of free copper ions with ethylenediaminetetra-
acetic acid (EDTA) in the electrophoresis column (reverse
polarity, acidic conditions) to the subsequent detection and
quantification of the complexes by UV radiation.*® This method
is specifically designed for complex samples such as composite
biomaterials for tissue engineering.*°

2.2 Production of hydroxyapatite

2.2.1 Synthesis of hydroxyapatite and strontium substi-
tuted hydroxyapatite. Hydroxyapatite (HA) and strontium sub-
stituted HA with a (Sr/Ca + Sr) ratio of 0.2 (Sr-HA) were
synthesized by a wet-precipitation method at 40 °C.*' The
reagents used for the synthesis were ammonium phosphate
dibasic ((NH,),HPO,, ACS reagent >98%, Sigma Aldrich, UK),
calcium nitrate tetrahydrate (Ca(NO;),-4H,0 > 99.0%, Sigma
Aldrich, UK) and strontium nitrate hexahydrate (Sr(NOs),-6H,0,
ACS reagent >99.0%, Sigma Aldrich, UK) (the latter only in the
case of Sr-HA synthesis). In a typical synthesis of Sr-HA, 250 mL of
two separate solutions (A and B) were prepared. Solution A was
prepared by dissolving Ca(NO;),-4H,0 and Sr(NO;),-6H,O in
deionized water in appropriate amounts to reach a total molarity
of 0.835 M. Solution B was a 0.5 M solution of (NH,),HPO, in
deionized water. The amount of reagents was calculated in order
to keep the (Ca + Sr/P) ratio constant at 1.667. The pH values of
solutions A and B were set at 11 and 9.5, respectively, by adding
1 M ammonium hydroxide (NH,OH, ACS reagent, 28.0-30% NH;
basis, VWR International, UK) solution. Then, solution B was
added dropwise to solution A. After mixing the solutions, the pH
value was adjusted to 10.75 by adding NH,OH and the final
solution was stirred for 16 hours at 400 rpm, followed by aging
of the precipitates for 24 hours. The obtained precipitates were
washed with deionized water three times and then centrifuged.
Samples were dried at 80 °C in an oven and sintered at 900 °C for
3 hours (at the heating rate of 5 °C min~"). Pure hydroxyapatite
was also prepared through the same route, but without the
addition of Sr(NOs),-6H,O.

2.2.2 Structural and chemical analysis. XRD analysis was
performed on a Bruker D8 Advance using Bragg-Brentano
parafocusing geometry. Data were collected for the 20 range
from 5° to 70° (step size of 0.01° and count time 1 second per
step). Collected data were qualitatively examined using the Bruker
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diffract+ and EVA search-match software (search matched against
the ICDD database). The functional groups of HA were analyzed
by ATR-FTIR using a Shimadzu IRAffinity-1S (Shimadzu Corp,
Japan) equipped with a Quest ATR GS10801-B single bounce
diamond accessory (Specac Ltd, England). Data were acquired
with 40 scans at a resolution of 4 cm ™" and processed using the
LabSolution IR software by Shimadzu. In addition, compositional
analysis of HA and Sr-HA samples was performed by X-ray
fluorescence (XRF). The test was executed in accordance to ISO
standard 12677. Samples were ignited at 1200 °C for 1 hour to
examine the loss on ignition. Then, approximately 1.5 g of
powdered sample was mixed with 7.5 g of lithium tetraborate
(Li,B40,) and heated in a platinum crucible at 1025 °C for 20 min
first and then at 1200 °C for 5 min. The resulting glass melt
was cast to create a glass bead. The bead was analyzed using an
Axios’ Panalytical XRF spectrometer.

2.2.3 Particle size distribution. Before the scaffold production,
HA and Sr-HA powders were milled to achieve a consistent
particle size. Planetary milling was performed using a Pulverisette
7 premium line (Fritsch GmbH, Germany) equipped with 5 mm
ZrO, beads. 3 cycles of 10 min each at 700 rpm were performed
and then the particle size was measured using a laser particle
size analyzer (Mastersizer 3000, Malvern Instruments Ltd,
United Kingdom).

2.2.4 Ion-release profile. To investigate strontium release
from prepared Sr-HA, powder samples were dispersed in
simulated body fluid (SBF) at a ratio of 1.5 g L™ " and held in
a shaker incubator at 37 °C at 200 rpm for different time
intervals (1, 3, 7, 14 and 21 days). SBF was prepared according
to the well-established protocol published by Kokubo and
Takadama.*” Briefly, 8.0756 g L' of NaCl, 0.3532 g L " of
NaHCO3, 0.2250 g L™ " of KCI, 0.2310 g L™ " of K,HPO,4-3H,0,
0.3033 g L™ " of MgCl,-6H,0, 0.3638 ¢ L™ " of CaCl,-6H,0 and
0.0716 g L' of Na,SO, were dissolved in deionized water. The
solution was buffered at 36.5 °C and pH 7.4 with the addition of
6.0658 g L~ of tris(hydroxymethyl)Jaminomethane (Tris buffer,
(CH,OH);CNH,) to reach a final concentration of Tris in SBF of
50 mM, and of 1 M HCl according to need (0-5 mL). Strontium
release in SBF under dynamic conditions was measured using
ICP-OES (Inductively coupled plasma/optical emission spectro-
scopy) from IRIS Advantage, Thermo Jarrell Ash. Approximately
1 g of the sample was dissolved in an appropriate amount of
5% HNO; and heated gently to ensure complete dissolution.
The solution was made up to 50 mL volumetrically and was
analyzed by ICP-OES (IRIS Advantage, Thermo Jarrell Ash)
against a calibration traceable under ISO: 17025 guidance.

2.3 Fabrication of HA-chitosan composite scaffolds

Freeze-drying with previously optimized parameters was
performed for the production of HA-chitosan composite
scaffolds.” Copper(u)-chitosan with a 3% saturation of the
amino groups (CuChi3, equivalent to 1 wt% copper) was
chosen, as it guarantees the lowest cytotoxicity compared to
other formulations.>® Chitosan or CuChi3 were dissolved in
diluted acetic acid water solutions (3% v/v) at a concentration of
2% wi/v. The solution was then cast in Eppendorf tubes used as
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Table 1 List of composite scaffold samples prepared for the factorial
experimental design (FED)

Cu loading Filler-to-matrix

#  Sample name (Wt%) Type of HA ratio (%)
1 Cu0 HA33 0 Undoped 33

2 Cu0 HA80 0 Undoped 80

3 Cu3 HA33 3 Undoped 33

4 Cu3 HA80 3 Undoped 80

5 Cu0 SrHA33 0 3% strontium 33

6 Cu0 SrHA80 0 3% strontium 80

7 Cu3 SrHA33 3 3% strontium 33

8 Cu3 SrHAS80 3 3% strontium 80

9 Cul.5 HA56.5 1.5 Undoped 56.5

10 Cul.5 StHA56.5 1.5 3% strontium  56.5

negative molds and quickly frozen using liquid nitrogen (—196 °C).
The rapid freezing encourages the formation of small and homo-
geneous water crystals, which will result in more reproducible
morphologies. A design-of-experiment approach was adopted in
order to screen the effect of the following variables on the proper-
ties of the scaffolds: (i) type of hydroxyapatite (either undoped or
3% strontium substituted), copper loading (from 0% to 3%) and
filler-to-matrix ratio (33% to 80% wt). Table 1 summarizes the
samples prepared in this study and the parameters used to
produce them. The scaffolds are showed in Fig. 1. Cul.5 samples
were prepared mixing the same amount of undoped chitosan
and CuChi3.

2.4 Physical characterization of the scaffolds

2.4.1 Scaffold morphology and porosity. A qualitative
assessment of the morphology, pore shape and pore size of
the scaffolds was carried out by scanning electron microscopy
(SEM, LEO 435 VP, LEO Electron Microscopy Ltd, Cambridge,
UK and Ultra Plus, Zeiss, Jena, Germany). Specimen prepara-
tion before testing included sputter-coating using a Q150T S
equipped with a gold target (Quorum Technologies, United
Kingdom). Together with SEM, energy dispersive X-ray (EDX)
analysis was performed. The total porosity of the scaffolds was
measured by gravimetry.** Briefly, the mass (m) and dimen-
sions (diameter = ¢ and thickness = &) of several scaffold
samples were measured and the percentage porosity (¢) was
calculated as follows, knowing the theoretical density of the
composite material (p), which is calculated as a weighted
average of the density of the two components of the composite
per their weight ratio:

¢ (%) = PG x 100 (1)

2.4.2 Mechanical properties. The variations in mechanical
properties of the composite scaffolds as a function of their
composition were assessed by non-confined compressive
testing. The analysis was carried out using a Tinius Olsen
H5KS equipped with a 5 kN load cell (strain ramp at 5 mm
per min gage speed). The compressive moduli were computed as
the slope of the linear region of the stress-strain curve (¢ = 0-10%).
Tests were performed using 8 replicates per sample type.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Samples of all ten formulations of the composite scaffolds produced by freeze-drying in this study.

2.5 Biological characterization of the scaffolds

2.5.1 Acellular bioactivity test. Hydroxyapatite is known
to be bioactive, that is of triggering the deposition of calcium
phosphate, more specifically of hydroxycarbonate apatite (HCA),
when in contact with body fluids. To assess whether or not the
HA filler embedded in the chitosan matrix was bioactive, an
acellular bioactivity test was performed. Simulated body fluid
(SBF) was prepared following the protocol by Kokubo and
Takadama,* as previously described. Scaffolds were immersed
in SBF using a ratio of 1.5 g L™, according to the unified in vitro
evaluation protocol for apatite-forming ability published by
Macon et al.***® The samples were stored in polypropylene
flasks and placed in an orbital shaker (80 rpm) at 37 °C for 1,
3 and 7 days. The solution was renewed during soaking time
every two days at day 1, 3, 5 and 7 to better simulate the
physiological environment. At the end of each incubation time,
the scaffolds were washed with deionized water, dried at 50 °C
and stored for further characterizations.

The deposition of novel HCA was qualitatively assessed
by SEM using the same set-up previously described. Fourier
transform infrared spectroscopy (FTIR) using a Shimadzu
IRAffinity-1S (Shimadzu Corp, Japan) equipped with a Quest
ATR GS10801-B single bounce diamond accessory (Specac Ltd,
England) was also performed. Data were acquired with 40 scans
at a resolution of 4 cm™" and processed using the LabSolution
IR software by Shimadzu. Native chitosan scaffolds were used
as controls in both analyses.

2.5.2 Cell culture. Homo sapiens osteosarcoma bone cell
line (MG-63) was chosen for the preliminary evaluation of the
cytocompatibility of the bone tissue engineering scaffolds
hereby fabricated. Prior to test, cells were cultured in typical
cell culture polystyrene flasks using Dulbecco’s Modified Eagle
Medium (DMEM) with 10% (v/v) of fetal bovine serum (FBS)
and 1% (v/v) combined penicillin-streptomycin antibiotic
(PenStrep) (all reagents purchased from Gibco®™, Germany).
A monolayer of cells close to confluence (~80%) was detached
from the flask at passage 15 using a trypsin/EDTA solution
(Life Technologies, Germany) in PBS. Upon cell detachment,
trypsin was inactivated by adding fresh DMEM at a 1:3 ratio
and the cell suspension was counted by trypan blue exclusion
method (Sigma-Aldrich, Germany). Cells were seeded in
24-well culture plates at a density of 100000 cells per well
and incubated overnight at 37 °C, 95% relative humidity and

This journal is © The Royal Society of Chemistry 2019

5% CO,. In parallel, samples of all ten scaffold varieties were
UV-sterilized for one hour and preconditioned in DMEM for
24 hours. Control samples of native chitosan and copper(u)-
chitosan without filler were also similarly prepared. On the
second day, the samples were added to the wells of cell culture
and incubated for another 24 hours. Finally, the samples were
removed and cell viability and fluorescent staining were
performed.

2.5.3 Cell viability. Cell viability as a function of the
mitochondrial activity of MG-63 cells was measured after
24 hours of culture in contact with the composite scaffolds.
In particular, the test was performed to evaluate the effect of
TMIs on eukaryotic cells. The cell viability was measured using
CCK-8 assay kit supplied by Sigma-Aldrich. This kit uses
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt (WST-8), a compound which is
enzymatically converted to formazan in the mitochondria of viable
cells. At the end of the culture period, the medium was removed
from the wells, samples disposed and the wells with cells were
rinsed with PBS. WST-8 containing culture medium (1% v/v) was
pipetted in the wells and left to incubate for 3 hours at 37 °C. After
incubation, aliquots (100 pL) of the supernatant were collected and
transferred in a 96-wells plate for absorbance reading. Spectro-
photometry was performed at 450 nm to detect formazan using
a micro plate reader (PHOmo Autobio, Labtec Instruments co.
Ltd China). The cell viability (V) was then computed from the
absorbance values (4) as follows:

V(%) = j;; % 100 @)

2.5.4 Phenotype expression. Fluorescent staining of MG63
cells was performed right after WST using both Vybrant®™ Dil
(1,1'-dioctadecyl-3,3,33’-tetramethylindocarbocyanine perchlorate,
Invitrogen, USA) live staining and DAPI (4/,6-diamidino-2-
phenylindole, dilactate, Invitrogen, USA). In particular, Dil is
a lipophilic cytoplasm dye that stains living cells entirely. DAPI
is a well-known dye to use on fixed samples and which binds to
A (Adenine) and T (Thymine) bases within the cell DNA, thus
staining nuclei. The staining was carried out following the
manuals provided by the supplier. Images of DiI-DAPI stained
cells were taken with an Axio Observer D1 fluorescence micro-
scope (Carl Zeiss Microimaging GmbH, Germany).

J. Mater. Chem. B, 2019, 7, 6109-6124 | 6113
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3 Results

3.1 Copper complexation and release from copper(u)-
chitosan

3.1.1 Confirmation of complexation by XRD. In previous
works it was shown by EDX that copper is present in copper(u)-
chitosan samples without significant contaminations from
other elements.*® Especially, no contamination from reagents
(i.e. sodium or chlorine) was detected. Complexation induces
clear changes in the characteristic FTIR peaks and bands of
chitosan. In particular, changes in relative absorbance were
detected for spectral bands relative to the stretching of OH and
NH at 3300 cm™' together with a change in shape of the
characteristic peaks of the glycosidic bond around 1100 cm™?,
as previously reported.*® In addition, XRD analysis showed the
chitosan incurs significant changes in crystalline structure after
the addition of copper (Fig. 2).

The diffractogram of native chitosan showed two broad
diffraction peaks at 20 = 12° and 20°, which are characteristic
fingerprints of semi-crystalline chitosan from the selected
supplier, as previously reported.’® These peaks are associated
to the formation of crystal I and crystal II chitosan structures.
After the addition of copper, a decrease in the crystal II peak at
20 = 20° was observed for all tested formulations, without
significant differences between formulations with different
levels of copper. No previous literature was found regarding
the broad shoulder found at 20 = 40°. This could be ascribed
to the formation of a new crystal conformation of chitosan after
the chelation or simply to an increased signal from amorphous
domains of the polysaccharide. Further crystallographic studies
on the topic should be performed in order to clarify this
finding.

3.1.2 Copper release. The release of copper from copper(u)-
chitosan in PBS was measured by capillary electrophoresis.
All samples are characterized by quick copper release within
the first 10 hours following exponential profiles with signifi-
cantly different plateau values (Fig. 3). As the quantity of copper

A) CuChi18
B) Chi
~ A)
3
&
=
2
3
£
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P p—
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20(°)
Fig. 2 Comparison between XRD spectra of native chitosan and CuChil8.
All other copper(ll)-chitosan formulations behave similarly.
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Fig. 3 Cumulative copper release from all copper(i)—chitosan formulations
as a function of time. The release was quantified by capillary electrophoresis.
For comparison, the cytotoxic concentration (30 ppm) and minimal inhibi-
tory concentration (MIC, 10-12 ppm) reported in literature for copper are
overlaid.

Table 2 Quantity of released copper from one day to two weeks. It can
be observed that after the first 24 hours no more copper is released from
the copper(i)—chitosan samples

Cumulative amount of copper released (ppm)

CuChi3 CuChi6 CuChi12 CuChi15s

Days 1 18 20 20 33 35 34 70 70 68 85 83 87
7 19 20 20 35 34 34 70 70 69 88 86 84
14 19 21 19 36 34 36 70 71 70 88 87 88

loaded during the preparation of the material increases, the
release plateaus vary accordingly. After 24 hours no additional
copper is released (Table 2). The values of copper release
obtained with this analysis were compared with the reported
in vitro cytotoxic concentration (30 ppm) and minimum inhi-
bitory concentration (MIC, 10 ppm) of copper.?”*® Within this
window of concentrations (10-30 ppm) it can be anticipated
that the material will be antibacterial without being cytotoxic.
This behavior was confirmed by a previously reported study in
which samples with a ppm release falling within this window
were proven to have the desired biological properties.*

3.2 Strontium substitution and release from hydroxyapatite

3.2.1 Crystallographic analysis by XRD. XRD analysis of HA
and Sr-HA powders showed highly crystalline diffractograms
for both materials (Fig. 4) which matched the standard diffracto-
gram of HA (JCPDS. 09-432). The characteristic diffraction peaks
for hexagonal HA were clearly visible in both samples. In addition,
the results did not reveal the presence of any additional phases.
Broadening in XRD peaks occurs due to distortion of the HA
lattice structure. As Sr** ions (ionic radius 1.18 A) are substituted
at Ca®* (0.99 A) sites in the HA lattice structure, expansion in the
unit cell occurs, which consequently results in peak broadening
as well as slight shifting in peak position.*® Lattice parameters

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 X-ray diffractograms of hydroxyapatite (HA) and strontium substituted hydroxyapatite (Sr—HA).

Table 3 Variation in lattice parameters a-axis and c-axis of hydroxyapatite
lattice structure after the substitution of Sr** ions

a-Axis c-Axis
HA 9.4251 6.8845
Sr-HA 9.4845 6.9481

obtained using Bruker’'s TOPAS software confirmed this
observation. The software showed that the g-axis and c-axis
parameters of Sr-HA were increased after the substitution of
Sr**, as presented in Table 3. This is likely to be due to the
larger ionic radius of Sr>" compared to Ca®*, as confirmed by
previously reported results.’® In addition, a slight shift in
diffraction peaks towards lower angles (20), as compared to
reference HA peaks, was observed, which can be ascribed to the
substitution of calcium ions by strontium ions.*

3.2.2 Functional group analysis by FTIR. The FTIR spectra
of HA and Sr-HA are presented in Fig. 5. The characteristic

bands related to phosphate, hydroxyl and adsorbed water can
be observed. Notably, all the representative bands that charac-
terize the phosphate (575, 610, 967, and 1014 cm™ ') and
hydroxyl (3568 and 639 cm ™ ') groups were still present in FTIR
spectra after strontium substitution.’® It was also found that
the OH bands in the range of 555-640 cm™ ' attributable to
molecularly bonded OH are reduced after the substitution of
Sr** ions.’™* This might be a consequence of the partial
replacement of OH ions by Sr** ions.>® Additional bands attri-
buted to carbonates (CO;>) were also present. Furthermore,
all relevant FTIR bands corresponding to pure hydroxyapatite
functional groups were found at the same position in Sr-HA as
they were found in HA.>* Altogether, FTIR determined that both
samples show bands typical of pure and Sr-substituted HA
composition, with only minor CO,*~ impurities.

3.2.3 Compositional analysis by XRF. The compositional ana-
lysis of HA and Sr-HA was carried out by semi-quantitative XRF
analysis, and the molar ratios were calculated as presented in Table 4.

o grow ™ Waterband _ i = Sriding mods
5 —_— 0-P-O bond
Sr-HA
51
S
>
g ] | 8
= HA
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™

Fig. 5 FTIR spectra of hydroxyapatite (HA) and strontium substituted hydroxyapatite (Sr—HA).
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Table 4 XRF results of hydroxyapatite (HA) and strontium substituted
hydroxyapatite (Sr—HA)

Ca + Sr/P ratio

Calcium  Phosphorus  Strontium
Samples (mol%) (mol%) (mol%) Calculated XRF
HA 1.07 0.6481 — 1.667 1.6509
Sr-HA 0.8649 0.5917 0.1254 1.667 1.6736
15 15
— — s
10 4 10+
S
o
§
3 5 54
>
0 0
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0,1 1 10 100 0,1 1 10 100

Size classes (um)

Fig. 6 Charts showing particle size distributions for HA and Sr—HA.

Table 5 Parameters of the particle size distributions of HA and Sr—HA

Hydroxyapatite Strontium substituted hydroxyapatite
Dx (10) 1.25 1.32
Dx (50) 2.41 2.78
Dx (90) 4.37 5.13

The value of the molar ratios for Ca/P in the case of HA and the
molar ratio (Ca + Sr)/P in the case of Sr—HA were very close to the
expected value (1.667). The results show that strontium ions added
in the reaction successfully substituted calcium within the HA
lattice. These compositional results are in good agreement with
X-ray diffraction and Rietveld refinement results.

3.2.4 Particle size distribution. The particle size distribution
of HA and Sr-HA after planetary milling was measured by laser
particle size analysis suspending the powder in a water medium.
Typical distribution profiles for the two powders are shown in
Fig. 6. After collection, the distributions were analyzed in terms
of size parameters D10, D50 and D90. Results are reported in
Table 5. Both HA and Sr-HA are characterized by narrow particle
size distributions (within 1-10 um) and with D50 levels of circa
3 um. The fineness of the powders produced in this work is ideal
for the preparation of scaffolds, as they allow the fabrication of
homogeneous and reproducible composite scaffolds.’

3.2.5 Strontium release. ICP results revealed that there was
a steady release of strontium ions in the physiological medium
during the 21 days of immersion, as shown in Fig. 7. The
concentration of Sr** ions released from Sr-HA was within the
concentration range of 7-8 ppm at all measured time points.
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Fig. 7 ICP results of strontium concentration in ppm as a function of

immersion time in SBF.

Generally, in such cases, apatite grains are covered by an
amorphous layer which is dissolved in the earlier stage after
immersion in SBF, consequently exposing less soluble and more
stable core.” As the amorphous grain layer is detached, there is
steady release of ions from the bulk of the HA structure. The
concentration of released ions did not change significantly with
time, which suggests that the majority of the Sr** ions was present
in the framework of the HA particles and negligible amounts of
Sr** ions were adsorbed in the amorphous grain layer.

3.3 Characterization of scaffold morphology and porosity

3.3.1 Morphological analysis. Typical morphological
features of chitosan/HA composite scaffolds produced in this
study are reported in the SEM micrographs pictured in Fig. 8.
Regardless of the type of chitosan and HA used, the scaffolds
are characterized by similar and homogeneous morphology
and topography, with long and interconnected lamellar pores
around 10 um wide, ideal for cell infiltration and osteoblast
differentiation.>* HA particles are evenly distributed within the
matrix, well-embedded in the polymer without significant
aggregate formation. Furthermore, the qualitative assessment
of the particle size from the SEM images confirmed the results
of the particle size laser analysis, identifying an average size of
the HA particles which sits well below 10 pm.

3.3.2 Scaffold porosity. As summarized in Fig. 9, the mea-
surement of porosity by gravimetry performed on the scaffolds
showed even levels around 90% regardless of the specific
formulation. This is in agreement with unpublished optimiza-
tion studies performed by our group which identified the
concentration of chitosan in acetic acid (which in this study
was kept constant) as the determining factor for the final
porosity. The lack of variation among samples also indicates
that the addition of hydroxyapatite does not significantly affect
the porosity. Low standard deviations suggest that this protocol
is adequate for the reproducible fabrication of porous compo-
site scaffolds, in terms of morphology and porosity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 SEM micrographs of selected samples at two magnifications
(1000x and 10000x) showing the typical morphology of freeze-dried
chitosan/HA scaffolds. Lamellar structures formed after the sublimation of
the solvent crystals can be observed.
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Fig. 9 Porosity of the scaffolds measured by gravimetry. No significant
differences were found: all samples have a porosity of ~90%.

3.3.3 Mechanical properties. The effect of the hydroxyapa-
tite fillers on the mechanical properties of the chitosan porous
scaffolds was investigated by a non-confined compressive test.
The compressive modulus of native chitosan and CuChi3 is
circa 250 kPa. The addition of HA filler and the use of CuChi3
both led to increases in this value (Fig. 10). The only exception
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Fig. 10 Compressive modulus of all ten scaffold formulations plus chitosan
and CuChi3 controls. A general increase in compressive mechanical proper-
ties after the addition of the filler was assessed. The significance bars highlight
the main differences between samples: (i) high HA loading and the presence
of copper seem to improve the mechanical properties; (i) StHA seems not
to have the same beneficial effect as HA (***: p < 0.001, **: p < 0.01).
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is CuO0SrHA33, which is comparable with the controls. The
effect of the composite preparation on the mechanical proper-
ties can be divided into three contributions: the effect of copper
inside chitosan and the effect of the type and amount of
the hydroxyapatite filler. Copper seems to slightly enhance
the compressive modulus, although the differences cannot be
considered statistically significant, except in the case of CuOHA80
and Cu3HA80. A more pronounced increase in compressive
modulus is due to the addition of the filler: HA significantly
increases the mechanical properties for all tested scaffolds,
while the improvement due to Sr-HA is lower, even null in the
case of CuOSrHA33. The difference in performance between HA
and Sr-HA can be clearly observed when comparing the two
midpoints. Finally, the amount of filler seems to have an
influence on the mechanical properties a higher filler content
results in higher compressive modulus, especially in the case of
Cu3HA33/Cu3HA80 and Cu0SrHA33/Cu0SrHAS80.

3.4 Biological characterization

3.4.1 Acellular bioactivity test. The bioactivity of chitosan/
HA composite scaffolds was assessed by measuring their ability
to trigger the formation of hydroxyl-carbonate apatite (HCA).
After 7 days of immersion in SBF, composite scaffolds showed
good integrity and stability: they retained their shape and
structure, no sign of crumbling or fragmentation was observed
for any tested formulation. Upon dehydration, a major struc-
ture collapse and shrinkage were observed in HA-free control
samples (Chi and CuChi3). However, this effect was strongly
reduced for low-HA loaded composite specimens and almost
absent in high-HA loadings. SEM inspection showed that the
porosity of the scaffolds was reduced as a consequence of the
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Fig. 11 SEM micrographs of a chitosan control sponge (A) and CuOHAB8O (B). While native chitosan lacks any sign of mineralization after the immersion in
SBF, the composite scaffolds are characterized by a deposit that can be ascribed to the precipitation of an amorphous phase of calcium phosphates.

swelling and subsequent drying. The surface of composite
scaffolds was covered by a calcium phosphate layer, that was
completely absent on control chitosan sponges (Fig. 11).

The nature of this layer was unclear from the SEM imaging:
the shape of the crystal suggested the formation of HCA, but
the cauliflower structure typical of HCA grown in SBF could not
be detected.*® This suggests that this layer could be a deposit of
amorphous calcium phosphates, precursors of HCA.** The
spectroscopic analysis was not effective in the identification
of the nature of this layer as FTIR spectra before and after
immersion did not show significant variations. This occurred
because specimens were either not bioactive (that is the case of
the control samples of chitosan and CuChi3) or already rich in
HA. The presence of hydroxyapatite prior to testing, in the case
of the composite samples, resulted in the shielding of possible
variations in characteristic peaks of the P-O bending at 560 and
604 cm™ " as a consequence of the immersion in SBF.*> As it can
be observed in Fig. 12, the spectra of chitosan control and
Cu0SrHA33 before and after testing do not show significant
alterations.
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Fig. 12 FTIR spectra of chitosan and CuOSrHA33 that show no relevant
variation before and after immersion in SBF for 7 days. CuOSrHA33 was
chosen as representative sample, all other specimens behaved similarly.
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Altogether the results of the acellular bioactivity, or apatite-
forming ability, test suggest the deposition of a calcium phos-
phate layer absent on control samples: HA has a key role in
making the scaffolds bioactive; however, further studies will be
performed in order to provide conclusive evidence on the
nature of the deposit detected in this study. For example, a
novel SBF using easily detectable 44Ca isotope of calcium could
be a way to better describe the results of the immersion.
Otherwise, Raman spectroscopy due to its higher sensitivity could
be to accurately identify newly formed hydroxyl-carbonate apatite.

3.4.2 Mitochondrial activity. Indirect cell viability was
performed on composite scaffolds using MG-63 human osteo-
blasts cell line. Fig. 13 shows that the cell viability is generally
high (i.e. above 70% of the positive control). Copper seems to
decrease the viability in some cases, especially for CuChi3,
Cu3HA33 and Cu3SrHA33, indicating that higher HA loadings
might have an effect in dampening the cytotoxic effect of the
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Fig. 13 Histogram reporting the cell viability of MG-63 cells cultured with
all composite scaffold formulations. Tissue culture polystyrene (TCPS) was
used as positive control. Chitosan performed similarly. Samples that were
significantly different from the controls are highlighted (***: p < 0.001):
they are all the copper containing specimens, with exception of samples
with high HA content (Cu3HA80 and Cu3SrHAS80).
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metal. In contrast, the presence of strontium did not have a
significantly detrimental effect on MG-63 cells.

3.4.3 Cell staining. The staining of the cells with Dil/DAPI
was performed to complement the measurements of mito-
chondrial activity. Dil was found to be partially ineffective,
as HA-rich samples showed background noise due to a prob-
able interaction between the dye and HA. In fact, control
samples did not show the same issue. Nevertheless, from the
fluorescence images it can be observed that cells are numerous,
with healthy and well elongated morphology on most samples
(Fig. 14). On the basis of a qualitative comparison, the results
are also in agreement with cell viability data, since cells are
more sparse and round-shaped on the same samples that
showed lower viability (i.e. Cu3BHA33, Cu3SrHA33 and CuChi3
control).

4 Discussion

Copper(u)-chitosan was prepared following the protocol intro-
duced in our previous publication.’® The presence of copper
and successful complexation with chitosan were previously
confirmed by EDX and FTIR.*® In this work an analysis of the
material by XRD was also performed, showing the presence of
significant variations in the diffractogram of chitosan following
the addition of copper. In particular, the complexation of
copper induces a significant decrease in the 20 = 20° peak of
the diffractogram, which is characteristic for the crystal II
structure of chitosan.”® This variation was previously reported
for a complex of chitosan and iron: the authors suggested
that this change in the diffractogram could be ascribed to a
decrease in crystallinity of the final material compared to native
chitosan.*® The complexation of chitosan with transition
metals creates a reduction in binding sites available for hydro-
gen bonding (NH, and OH), decreasing the number of inter-
and intramolecular bonds between chitosan chains necessary
for self-assembly of the polysaccharide.

In parallel, a wet precipitation method was used to success-
fully produce artificial HA and strontium-substituted HA powders.
XRD results showed typical peaks of the hexagonal structure of HA,
confirming the high crystallinity of these two materials. Only minor
variations were identified as a consequence of the ion substitution
and the expansion in the HA unit cell.’® In particular, Sr-HA
samples were characterized by general peak broadening and
shifts in low 20 angle peaks, which are typical evidences of ion
substitution.*® The analysis by FTIR further confirmed the
findings of the XRD analyses: typical peaks and bands of
phosphate and hydroxyl vibrations were detected both in HA
and Sr-HA. In addition, a minor signal that can be ascribed to
carbonate impurities was also identified. Finally, XRF was
fundamental in confirming that the calcium phosphate pro-
duced was actually hydroxyapatite and to quantify the amount
of strontium substituted. In previous studies, authors sug-
gested that XRF is an effective technique for the quantification
of substitutions in HA. However, other relevant techniques
to perform this measurement could be ICP-MS or atomic
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absorption spectroscopy (AAS).”' The calculation of the Ca/P
molar ratio performed from the results of compositional
analysis confirmed a value very close to that characteristic of
stoichiometric HA (1.667). These results are in good agreement
with previously reported results in literature.>">*” Li et al.>'
reported that Sr-HA substituted with 0.3 mol% and 1.5 mol%
Sr** ions showed a monophasic spectrum comparable to pure
HA. Kim et al.* revealed that substitution of Sr*" over 4 mol%
caused transformation in the microstructure from sphere-
shaped grains to faceted grains, also B-TCP was formed as
secondary phase. The studies by Shen et al.>” about the effect
of Sr”* substitution on compressive strength of calcium phos-
phate cements (CPC) indicated that addition of 5 wt% Sr-HA
whisker in CPC induced higher compressive strength of
2.91 MPa, which is approximately double than that of pure
CPC. Kim et al.>® proved that 8 mol% substitution of Sr** in
Sr-HA caused the increase in Vicker’s hardness from 5.2 to
5.5 GPa. Capuccini et al.>® carried out in vitro tests using
osteoblast-like MG-63 and human osteoclasts cells. Their
results revealed that Sr-HA substituted with 3-7 at% Sr** ions
considerably stimulated osteoblast proliferation and differen-
tiation, also they reported that 1 at% substitution of Sr** ions
was significant to reduce the osteoclast proliferation.>®

Before using the two synthesized biomaterials for the fabri-
cation of composite scaffolds, ion release tests were also
performed. Copper was quantified by a cost-effective capillary
electrophoresis method previously developed.*® Results confirmed
that copper(u)-chitosan is characterized by a burst release of
copper within the first ten hours. The release can be finely tuned
by adjusting the amount of copper initially loaded in the poly-
saccharide. In particular, the formulation CuChi3, used for the
production of the scaffolds, releases around 15-20 ppm of
copper within the first few hours; this is an ideal release, which
can inhibit the colonization by bacteria upon implantation,
without excessive cytotoxic effects. It is important to notice that
after the burst release a significant quantity of copper is still
embedded in the chitosan and will be released only upon
degradation of the polymer, which does not occur in saline
solutions (i.e. PBS).>® Ion release tests after enzymatic degrada-
tion should be performed in order to quantify longer term
release of copper from copper(u)-chitosan, which could still be
helpful in impeding later stage bacterial colonization and
enhancing angiogenesis.”® The release of strontium from
Sr-HA was simultaneously determined by ICP-OES and follows
a very different trend compared to the one of copper: release
reached equilibrium at around 8 ppm per each time point.
Strontium release at this concentration sits within the thera-
peutic window (2-45 ppm) and it is expected to help osteo-
genesis throughout the first months of regeneration in vivo.>®
The different nature of the TMI loading in the two materials
highlights the convenience of the present strategy to obtain very
different release profiles depending on the desired ion, tailoring
the uniformity of release according to need independently of the
intrinsic scaffold degradation kinetics (Fig. 15).

After the characterization of the biomaterials and the inves-
tigation of ion release, copper(n)-chitosan and strontium
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Fig. 14 Fluorescence images of MG-63 osteoblasts in indirect culture with the different scaffolds stained with Dil and DAPI. The bottom right panels
highlight the respective cell viability measurement of each sample: it can be observed that the results of cell viability and cell morphology are qualitatively
in accordance.

substituted hydroxyapatite were successfully combined and by liquid nitrogen freeze-drying, using chitosan as the matrix and
fabricated into composite scaffolds for bone tissue engineering HA as the particulate filler phase. In comparison to previously
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Fig. 15 Release of copper from copper(i)—chitosan and of strontium

from Sr—HA particles: the difference in release can be clearly observed.

While copper is characterized by burst release, the release of strontium is
uniform over time.

reported systems, in this work a novel concept for the preparation
of bone TE scaffolds is introduced, which offers the possibility to
dope both the matrix and the filler of the composite with TMIs.
In this work, copper and strontium were used. However, chitosan
and hydroxyapatite are very versatile material platforms that could
allow the design of more complex arrays of ion doping and
release. At the same time, the fabrication of TE scaffolds by
freeze-drying as reported in this work can be adapted to other
derivatives of chitosan and HA. This allows the production of
constructs able to deliver several ions with different release profile
in time, depending on the specific need. In fact, different ions
are needed at different times in order to effectively guide cell
adhesion and proliferation as well as, at a later stage, tissue
ingrowth and vascularization.>® Having the possibility to engineer
the release of TMIs to follow these complex profiles can allow
precise engineering of the several stages of inflammation, healing
and tissue regeneration. In parallel, TMIs offer also the advantage
of enhancing the antibacterial properties of scaffolds with little
risk of resistance development. In fact, the antibacterial activity of
TMIs is known to be quick and multifaceted: such rapid action
inhibits the intrinsic ability of bacteria to develop resistance.®
Liquid nitrogen freeze-drying is a robust and reproducible
fabrication technique, especially in terms of morphology and
porosity. Chitosan/HA composite scaffolds prepared in this
study are characterized by tailorable, hierarchical and inter-
connected porosity in the ideal range for cell infiltration and
correct differentiation.>® The macroscale pore size and distri-
bution can be finely tailored through the variation of the
processing parameters, especially by controlling the freezing
process and the composition of the HA/chitosan suspensions.’
In particular, rapid freezing with liquid nitrogen is an effec-
tive way to decreases the average size of the water crystal
formed and thus of the pores. In comparison with previously
reported chitosan-based scaffolds,’’~® this approach is an
important improvement in order to achieve better control of
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scaffold morphology. Indeed, in previously developed protocols
for the preparation of chitosan/hydroxyapatite scaffolds nitrogen
freezing has rarely been used.®®* Madihally et al.,* for instance,
proposed to use liquid nitrogen for chitosan scaffolds as a solution
to achieve pore size and morphology control and bring them
closer to physiologically relevant levels. Our results confirm this
hypothesis, as chitosan/HA scaffolds prepared in this work have a
fairly homogeneous distribution of interconnected pores with a
size in the range of 10-100 pm,* which is known to be ideal for
cell infiltration.>*®® Tailoring pore morphology is a key challenge
to correctly regulate cell colonization rates and engineer the
organization of new tissue into scaffolds.”* In addition to this,
pore size, morphology and interconnectivity are known to be
key variables in controlling degradation kinetics, mechanical
properties and angiogenesis.**"%’

The introduction of hydroxyapatite in the chitosan matrix
was expected to give the composite several beneficial properties
that native chitosan lacks. In terms of mechanical properties,
the inorganic filler is a key factor in increasing the compressive
modulus of the scaffolds. This finding is in agreement with
previously reported composite scaffolds and in general with
theories on composite materials.”®® In particular, the scaffold
formulations that showed the best mechanical performance are
CuOHAS80 and Cul.5HA56.5. These samples reached values of
compressive modulus of around 2-3 MPa, which are approaching
the lower end of the modulus of trabecular bone,®” but should be
further improved. Interestingly, HA was found to perform better
than Sr-HA. Strontium-substituted hydroxyapatite resulted in
moduli which barely reached 1 MPa even for high filler loadings.
An explanation for this behavior could be a consequence of poorer
interface properties: possible leaching of strontium ions from
the HA, even in trace amounts, could have been absorbed by
the chitosan matrix, inducing the formation of complexes at the
interface and resulting in embrittlement and reduction in
compliance.®® This local cross-linking of chitosan as a conse-
quence of the complexation could have determined a reduction
in the ability of chitosan to deform under compression, increasing
the formation of interface voids. In future, interfacial phenomena
between Sr-HA and chitosan should be characterized and the
interface itself improved by, for example, surface modification
of the HA filler. In addition to improving mechanical properties,
HA and Sr-HA containing scaffolds were effective in triggering
the deposition of a calcium phosphate layer after 7 days in SBF.
In contrast, no deposition was assessed on control scaffolds
(Z.e. chitosan and copper(u)-chitosan). In these samples, the only
consequence of the immersion in SBF is the collapse of most of
the porosity upon dehydration, which highlights the poor integrity
of native chitosan scaffolds and the need for a reinforcing filler to
increase mechanical properties, as previously discussed. However,
shielding of the signal of this layer by HA initially present in the
scaffolds made FTIR analysis inconclusive. Longer incubation
times (e.g. 21 or 28 days) in SBF would probably show clearer
results. Avoiding the use of Tris buffer is also an important aspect
for future optimization of the test: the addition of this buffer in
SBF was in fact linked to a possible distortion in the apatite-
forming ability of bioactive materials.>® Tris seems to increase the
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dissolution rate of bioactive glasses (particularly Bioglass® 45S5)
and therefore overexpress their bioactivity. Although HA is more
stable and less susceptible to possible chemical attack of Tris,?®
the possible occurrence of this phenomenon should be verified.
Further investigation is needed to clarify the actual extent of
scaffold bioactivity and the nature of the deposited phase.

Finally, a preliminary cell culture study was performed using
the MG-63 human osteoblast-like cell line. The results of cell
viability, measured by WST-8, showed that the ions release had
mildly cytotoxic effects only in those samples with little to no
HA phase. Fluorescence images of cell morphology are in
agreement with cell viability results. In particular, it appears
that the presence of HA reduces the cytotoxic character of
copper. This is likely due to a protective effect of ions leaching
from hydroxyapatite, which can establish biomolecular compe-
tition for copper-binding sites.””* The lower viability of the
CuChi3 sample is somehow in contrast with previous results on
the same material®® and could be due to the increase in surface
area of the porous samples compared to bulk ones, highlighting
the need to perform ion release tests on the full scaffolds.”” These
preliminary findings foster further studies to optimize and
expand the possible fabrication routes of scaffolds loaded with
multiple ions and to characterize the physicochemical and
biological performance of these promising tissue engineering
platforms. Specifically, in-depth investigations should be carried
out in order to explore more combinations of ions and to unravel
the specific responses that these ions elicit on cells when released
simultaneously and in a controlled manner.

5 Concluding remarks

Two candidate platforms for the delivery of TMIs were prepared:
chitosan complexed with copper and strontium substituted hydro-
xyapatite. The effective loading and release of ions from the two
materials was characterized and their use in the production of
novel bone TE composite scaffolds with dual ion delivery was
demonstrated. The release of copper and strontium follows
significantly different profiles due to the different nature of the
loading. In particular, copper experiences a burst release from
chitosan allowing it to quickly stop possible bacterial colonization,
while strontium is released uniformly in order to help and support
the regeneration process over a longer period. The materials can
be prepared into scaffolds using an optimized and reproducible
freeze drying protocol, using chitosan as matrix and a fine,
homogeneous particulate HA phase as filler. The resulting
scaffolds are ideal for cell infiltration, cell migration and
neovascularization thanks to their reproducible pore morphology.
They are characterized by interconnected porosity and increased
mechanical properties depending on the filler content. Cell cul-
tures performed on the composite scaffolds showed that the
materials are also cytocompatible. Compared to existing techno-
logies, chitosan/HA scaffolds produced in this study exhibit
the novel feature of carrying therapeutic ions both in the
matrix and the filler of the composite. In this study, copper and
strontium were loaded respectively in chitosan and hydroxyapatite.
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However, these two biomaterials are highly versatile and can chelate
(chitosan) and include (hydroxyapatite) several different ions in their
structure. The combination of chitosan and hydroxyapatite has the
potential to design scaffolds with the capability to deliver TMIs
depending on the specific need in terms of tissue regeneration
properties. The two materials are versatile carriers of biologically
relevant ions. In the future, the possibility to have more complex
arrays of therapeutic ions in both components of the composite,
targeting different cells and tissues, should be explored.
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