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Due to the threat posed by the rapid growth in the resistance of microbial species to
antibiotics, there is an urgent need to develop novel materials for biomedical applications
capable of providing antibacterial properties without the use of such drugs. Bone healing
represents one of the applications with the highest risk of postoperative infections,
with potential serious complications in case of bacterial contaminations. Therefore,
tissue engineering approaches aiming at the regeneration of bone tissue should be
based on the use of materials possessing antibacterial properties alongside with
biological and functional characteristics. In this study, we investigated the combination of
polyhydroxyalkanoates (PHAs) with a novel antimicrobial hydroxyapatite (HA) containing
selenium and strontium. Strontium was chosen for its well-known osteoinductive
properties, while selenium is an emerging element investigated for its multi-functional
activity as an antimicrobial and anticancer agent. Successful incorporation of such ions
in the HA structure was obtained. Antibacterial activity against Staphylococcus aureus
6538P and Escherichia coli 8739 was confirmed for co-substituted HA in the powder
form. Polymer-matrix composites based on two types of PHAs, P(3HB) and P(3HO-co3HD-co-3HDD), were prepared by the incorporation of the developed antibacterial HA.
An in-depth characterization of the composite materials was conducted to evaluate the
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effect of the filler on the physicochemical, thermal, and mechanical properties of the
films. In vitro antibacterial testing showed that the composite samples induce a high
reduction of the number of S. aureus 6538P and E. coli 8739 bacterial cells cultured on
the surface of the materials. The films are also capable of releasing active ions which
inhibited the growth of both Gram-positive and Gram-negative bacteria.
Keywords: antibacterial, composites, polyhydroxyalkanoates, selenium, strontium, hydroxyapatite

scenario requires the investigation of new materials for bone
regeneration able to provide appropriate antibacterial features
without the use of antibiotics to inhibit bacterial growth and
reduce bacterial adhesion.
Composite materials are one of the best candidates for
scaﬀolds for bone regeneration due to their ability to closely
mimic the intrinsically heterogeneous composite architecture of
such tissue, composed of cells, an organic phase (the extracellular
matrix containing mainly collagen ﬁbrils), an inorganic phase
[mainly hydroxyapatite (HA)], and water (Chocholata et al., 2019;
Qu et al., 2019). The most investigated combination in scaﬀold
design involves the use of polymers to provide elasticity and
biodegradability, mimicking the role of the extracellular matrix,
and ceramics to increase the mechanical strength and improve
the interactions between the tissue and the ﬁnal constructs
(Kashirina et al., 2019).
Hydroxyapatite Ca10 (PO4 )6 (OH)2 is a versatile member of
the calcium phosphate family with a stoichiometric composition
similar to natural bone, Ca/P ratio 1.67. It is the main ceramic
material used in the fabrication of composite scaﬀolds for
bone regeneration thanks to its exceptional biocompatibility and
bioactivity, in addition to osteoconductive properties (Ratnayake
et al., 2017; Kaur et al., 2019). Moreover, the compressive strength
of HA is similar to that of native bone, but the material possesses
a brittle nature with low fracture toughness, limiting its use in
load-bearing applications and requiring its combination with
polymeric materials (Rezwan et al., 2006; Chocholata et al., 2019).
Natural apatite has superior physical and biological properties as
compared to synthetic HA because of a considerable hetero-ionic
exchange (Eliaz and Metoki, 2017). For this reason, increasing
research is being conducted to improve the physiochemical,
biological, and mechanical properties of HA through the
substitution of various metallic ions in the crystal structure of
HA (Ratnayake et al., 2017). Among the ions investigated for
substitution, selenium, an essential trace element, has attracted
attention only in the last decade. Selenium plays a crucial role
in the human body as an antioxidant through its incorporation
in selenoproteins (proteins containing selenocysteine residues),
speciﬁcally the glutathione peroxidase family, which are essential
for protection against oxidative stress (Rodríguez-Valencia et al.,
2013). Its deﬁciency has been associated with two diseases, the
Kashin–Beck syndrome, which is characterized by cartilage and
long bone degeneration, and the Keshan illness, which aﬀects the
heart in children (Moreno-Reyes et al., 2001; Rodríguez-Valencia
et al., 2013). Moreover, selenium-containing biomaterials have
shown an anticancer activity, inducing apoptosis of bone cancer
cells in vitro and inhibiting the growth of bone tumors in vivo
(Yanhua et al., 2016; He et al., 2019). Finally, recently, selenium

INTRODUCTION
Bone tissue has a dynamic structure with high capacity of
regeneration. However, its healing capability is linked with the
proximity of the bone segments and, in the case of large-size
defects, mechanical ﬁxation on its own is not able to induce bone
healing, requiring the use of additional material. These criticalsize defects can be caused by a variety of scenarios including
trauma, tumor resection, or bacterial infections (De Witte et al.,
2018; Hasan et al., 2018). Moreover, external intervention is
also required in the presence of fractures that have failed to
heal completely (i.e., non-unions) (Stewart, 2019). In clinical
practice, autologous osseous material is still considered the gold
standard, thanks to its inherent osteogenic, osteoconductive, and
osteoinductive properties. However, the restricted availability of
this material combined with possible donor-site morbidity limits
autograft applications, especially for the treatment of large bone
defects (Fernandez de Grado et al., 2018; Zeng et al., 2018).
Allografts and xenografts represent possible alternatives but are
associated with the risk of an immunogenic response and disease
transmission correlated with a reduction in the osteoinductive
properties and a lack of viable cells (Baldwin et al., 2019).
In light of the limitations of the current transplanted
osseous grafts, the use of tissue engineering has emerged as
one of the main alternatives to restore or regenerate the
damaged tissue through the combination of cells with a scaﬀold
able to provide a suitable environment for cell anchorage
and proliferation (Fernandez de Grado et al., 2018; Hasan
et al., 2018). Among the characteristics of an ideal material
for bone regeneration, increasing interest has been placed
on the antibacterial properties. Infections represent a major
complication in the orthopedic ﬁeld, as bone repair is associated
with a high risk of infections, especially in the presence of
open fractures. If infection occurs, the tissue healing process
might be impaired and, if not treated, can result in chronic
infection, leading to bone necrosis and spreading to adjacent
soft tissues (Thomas and Puleo, 2011). The main strategies
applied in clinic to prevent the rise of or ﬁght possible infections
are based on antibiotics. For prevention, systemic delivery
of antibiotics is employed which can be ineﬀective due to
low drug concentration at the infected site and can lead to
systemic toxicity (Mouriño and Boccaccini, 2010). Alternatively,
grafts loaded with antibiotics are used, allowing a controlled
release of the therapeutics at the targeted site and lowering
possible side eﬀects (Johnson and García, 2015). However, the
increasing rise of antibiotic-resistant species due to the overuse or
misuse of antibiotics has become a primary concern worldwide,
posing a serious threat to global health and economy. Such a
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of Se-Sr-HA was conducted to validate its utilization for the
development of antimicrobial composites. The combination of
the novel co-substituted HA with PHAs was then investigated.
Two PHAs were selected as the bulk materials: P(3HB)
as an scl-PHA and P(3HO-co-3HD-co-3HDD) as an mclPHA. The polyesters were combined with the novel cosubstituted HA using three loading compositions, and the eﬀect
of the incorporation of the ﬁller on the physical, thermal,
mechanical, and antibacterial properties of the composite ﬁlms
was investigated.

has been shown to possess antibacterial activity against a range of
bacteria (Kolmas et al., 2014; Huang et al., 2019). Strontium is one
of the most studied elements for bone regeneration. Thanks to its
osteoconductive and osteoprogenic properties, this ion has been
incorporated into a range of materials for bone regeneration,
such us titanium implant coatings, bone cements, and synthetic
HA (Wong et al., 2004; Gritsch et al., 2019). Strontium has been
shown to elicit a bone remodeling eﬀect through the increase of
osteoblast activity inducing bone formation and the reduction
of osteoblast proliferation and activity, therefore reducing bone
reabsorption (Nielsen, 2004; Ratnayake et al., 2017).
As regards the polymeric matrix for composite materials for
bone regeneration, polyhydroxyalkanoates (PHAs) have been
considered promising candidates due to their biocompatibility,
biodegradability, easy processability, and versatile and tuneable
physical and mechanical properties (Rai et al., 2011; MożejkoCiesielska and Kiewisz, 2016). PHAs are bioderived polyesters,
naturally produced by bacteria as intracellular compounds. The
production from natural and renewable resources makes PHAs
a good alternative to petrol-derived plastics. Moreover, PHAs
have shown to possess less acidic degradation products than
other synthetic polyesters such as PLA, PLGA, and PGA, limiting
the possibility of developing a late or chronic inﬂammation
(Bonartsev et al., 2019). Compared to other natural-derived
materials (e.g., collagen and chitosan), PHAs show better
mechanical features and higher thermal stability making them
suitable for a wider range of processing techniques (Puppi et al.,
2019). Depending on the bacteria and the carbon source utilized
in the fermentation process, two types of PHAs can be obtained,
short chain length PHAs (scl-PHAs), characterized by up to
ﬁve carbon atoms in their monomeric unit, and medium chain
length PHAs (mcl-PHAs), with more than six carbon atoms
in their monomeric unit. These two classes of PHAs usually
exhibit distinctive properties. Scl-PHAs are stiﬀ and brittle
materials, with a high melting temperature (160–180◦ C) and
glass transition close to 0◦ C (Możejko-Ciesielska and Kiewisz,
2016; Puppi et al., 2019). On the contrary, mcl-PHAs usually
show a higher elongation at break and a lower elastic modulus,
melting temperature (40–60◦ C), and glass transition (−50 to
25◦ C) compared to scl-PHAs (Rai et al., 2011; Możejko-Ciesielska
and Kiewisz, 2016; Basnett et al., 2018). Scl-PHAs are the main
polyesters of the PHAs family investigated for bone regeneration
due to their high crystallinity and mechanical properties (i.e.,
Young’s modulus and ultimate tensile strength), close to those
of native bone (Karageorgiou and Kaplan, 2005). However, the
in vivo application of these materials is limited by their brittle
nature (Obat et al., 2013). Therefore, recently mcl-PHAs have also
been investigated as an alternative material for bone regeneration
in non-load bearing applications (Ansari et al., 2016).
In this work, we investigated the development of novel
antibacterial materials based on the combination of PHAs with
a novel co-substituted HA to be used as starting materials
for the development of scaﬀolds for bone regeneration. In
the ﬁrst part of this research, we reported the synthesis and
physiochemical characterization of novel selenium and strontium
co-substituted HA (Se-Sr-HA) prepared by the co-precipitation
method. In vitro characterization of the antibacterial properties
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MATERIALS AND METHODS
Bacterial Strains and Culture Conditions
Pseudomonas mendocina CH50 and Bacillus subtilis OK2 were
obtained from the University of Westminster culture collection.
The strains were cultured at 30◦ C at 200 r/min for 16 h in a
shaking incubator and stored as a glycerol stock at −80◦ C. For
the antibacterial characterization, Staphylococcus aureus 6538P
and Escherichia coli 8739 were bought from the American Type
Culture Collection (ATCC). They were cultured in sterile nutrient
broth at 37◦ C and 200 r/min for 16 h in a shaking incubator and
stored as a glycerol stock at −80◦ C.

Chemicals
All the chemicals were purchased from Sigma Aldrich Ltd.,
United Kingdom and VWR international, United Kingdom.

Synthesis of
Selenium-Strontium-Hydroxyapatite
Selenium-strontium-HA was synthesized by wet precipitation
method, using diammonium hydrogen phosphate (NH4 )2 HPO4 ,
calcium nitrate tetrahydrate Ca(NO3 )2 4H2 O, sodium selenite
Na2 SeO3 ·5H2 O, and strontium nitrate Sr(NO3 )2 ·6H2 O as
precursors. Two solutions coded A and B were prepared
for this reaction. Solution A was prepared my dissolving
Ca(NO3 )2 ·4H2 O (0.668 M) and Sr(NO3 )2 ·6H2 O (0.167 M) in
250 mL deionized water and adjusted to pH 11 using 1 M
NH4 OH. Solution B was prepared by dissolving (NH4 )2 HPO4
(0.4 M) and Na2 SeO3 ·5H2 O (0.1 M) in 250 mL deionized water
and adjusted to pH 9.5 using 1 M NH4 OH. The level of reactants
used was calculated in order to keep the (Ca+Sr):(P+Se) ratio
constant at 1.667 and Sr:(Sr+Ca) and Se:(Se+P) molar ratio
constant at 0.2. The aimed chemical composition of the produced
Se-Sr-HA was Ca10−x Srx (PO4 )6−y (SeO3 )y (OH)2−y , where x = 2
and y = 1.2 (Ravi et al., 2012; Pajor et al., 2018). Solution B was
added dropwise to solution A. After mixing of the solutions, the
pH value was maintained at 10.75 by adding NH4 OH, and the
ﬁnal solution was stirred for 16 h at 400 r/min followed by the
aging of precipitates for 24 h. The obtained precipitates were
washed with de-ionized water and then centrifuged (three times).
The samples were dried at 80◦ C in an oven and sintered at 900◦ C
for 6 h (at the heating rate of 5◦ C/min). Non-substituted HA
was prepeared with the same method without the addition of
Na2 SeO3 ·H2 O and Sr(NO3 )2 ·6H2 O.
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Physicochemical Characterization of
Se-Sr-HA

Differential Scanning Calorimetry (DSC)
Thermal analysis of the ﬁlms was conducted using diﬀerential
scanning calorimetry (DSC) 214 Polyma (Netzsch, Germany)
equipped with Intracooler IC70 cooling system. Approximately
5 mg of the sample was heated at a heating rate of 20◦ C per
minute from −70 to 130◦ C for P(3HO-co-3HD-co-3HDD)based samples and from −70 and 200◦ C for P(3HB)-based
samples (Lukasiewicz et al., 2018; Lizarraga Valderrama et al.,
2020). The data were analyzed using the Proteus 7.0 Analysis
Software (Netzsch, Germany). The enthalpy of fusion (1Hm)
of the composite samples was normalized (1H nm ) to take into
account the weight fraction of the ﬁller (wf ):

X-Ray Diffraction (XRD) Analysis
X-ray diﬀraction (XRD) analysis was conducted on a Bruker
D8 Advance using Bragg-Brentano parafocusing geometry. Data
were collected for the 2θ range from 10◦ to 70◦ (step size
of 0.01◦ and count time 1 s per step). Collected data were
qualitatively examined using the Bruker diﬀract+ and EVA
search-match software for compounds identiﬁcation (using
the ICDD database).

X-Ray Fluorescence Analysis (XRF)
For compositional analysis by XRF, the samples were prepared
and reported in accordance with ISO standard 12677. The
substituted HA samples were ignited at 1200◦ C for 1 h to examine
the loss on ignition. Then approximately, 1.5 g powdered sample
was mixed up with 7.5 g of Li2 B4 O7 (lithium tetraborate) and
heated in a platinum crucible at 1025◦ C for 20 min followed by
1200◦ C for 5 min. Then the glass melt was cast into a glass disc to
get a glassy bead which was analyzed by using Axios’ Panalytical
X-Ray Fluorescence (XRF) spectrometer.

n
1Hm
=

For P(3HB)-based samples, the percentage crystallinity of
the materials (X c %) was calculated according to the following
formula:
1Hm
∗100
Xc % =
1H ◦
Where 1Hm is the enthalpy of fusion of the material and 1H ◦
is the enthalpy of fusion for the material with 100% crystallinity,
which for P(3HB) is 146 J/g (Ho et al., 2014). In case of composite
ﬁlms, 1Hm was replaced with 1H nm .

Production of Polyhydroxyalkanoates
P(3HO-co-3HD-co-3HDD) was produced by P. mendocina
CH50 using 20 g/L of coconut oil as previously described by
Basnett et al. (2018). P(3HB) was produced by the controlled
fermentation of B. subtilis OK2 using 35 g/L of glucose as the
carbon source as described by Lukasiewicz et al. (2018). Both
fermentation processes were carried out in 15 L bioreactors, with
10 L working volume (Applikon Biotechnology, Tewkesbury,
United Kingdom). The polymers were extracted using a two-stage
method Soxhlet extraction (Lukasiewicz et al., 2018).

Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray (EDX) Spectroscopy
The surface topography of the composite samples was analyzed
through scanning electron microscopy (SEM) using a beam of
5 keV at 10 cm working distance (JEOL 5610LV-SEM). Energydispersive X-ray (EDX) analysis was used to perform a qualitative
elemental analysis of the materials developed with a beam of
20 keV at 10 cm working distance. The data were analyzed using
the software IncaEDX Energy System. For both analyses, all the
samples were coated with gold for 2 min using an EMITECHK550 gold sputtering device. The analyses were carried out at the
Eastman Dental Hospital, University College London.

Composite Films Preparation and
Characterization
Polyhydroxyalkanoates/Se-Sr-HA composite ﬁlms were obtained
by solvent casting technique. P(3HO-co-3HD-co-3HDD) or
P(3HB) was ﬁrst dissolved in chloroform (5% w/v) at room
temperature and stirred for 24 h. The desired amount of ﬁller
(i.e., 10, 20, and 30 wt% of Se-Sr-HA) was added in the polymer
solution, and the mixture was then sonicated in an ultrasonic
water bath (XUBA3 Ultrasonic Bath, Grant Instruments) for
15 min. The obtained suspension was then poured in petri-dishes
and left to evaporate at room temperature. Samples were kept for
5 weeks to allow complete crystallization of the samples before
conducting the following characterizations (Lukasiewicz et al.,
2018; Lizarraga Valderrama et al., 2020).

Mechanical Analysis
Tensile testing was performed on the composite ﬁlms using
Instron 5940 testing system equipped with 500 N load cell.
Solvent casted ﬁlms of 5 mm width and 35 mm length were
used for the analysis, and six specimens were used for each
sample. A deformation rate of 10 mm/min was applied for mclPHAs, while 5 mm/min was used for scl-PHAs following the
ASTM D882–10 “Standard Test Method for Tensile Properties
of Thin Plastic Sheeting” (Lukasiewicz et al., 2018; Lizarraga
Valderrama et al., 2020). The data were acquired and analyzed
using a BlueHill 3 software.

Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) Spectroscopy

Antibacterial Characterization

Attenuated total reﬂectance Fourier transform infrared (ATRFTIR) was carried out to investigate the functional groups of
the composite ﬁlms. The analyses were performed in a spectral
range of 4000 to 400 cm−1 with a resolution of 4 cm−1 using
PerkinElmer FT-IR spectrometer Spectrum Two (PerkinElmer
Inc., United States).
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1Hm
(1−wf )

Minimal Inhibitory Concentration (MIC)
The antibacterial activity of Se-Sr-HA in powder form was
investigated using the ISO 20776 against S. aureus 6538P and
E. coli 8739. A range of concentration of the material in powder
form (5–100 mg/mL) prepared in Mueller Hinton broth was

4

April 2021 | Volume 9 | Article 647007

Marcello et al.

Antibacterial Composite Materials

considered statistically signiﬁcant when the p-values resulted
lower than 0.05 [p-value < 0.05 (∗ ), p-value < 0.01 (∗∗ ),
p-value < 0.001 (∗∗∗ ), and p-value < 0.0001 (∗∗∗∗ )].

mixed with a microbial suspension adjusted to achieve a ﬁnal
concentration of 5 × 105 CFU/mL and incubated at 37◦ C for
24 h at 100 r/min in 96 multi-well plates (ﬁnal volume 100 µL).
After the incubation time, the OD600 of the wells was measured
to determine the concentration of the Se-Sr-HA able to inhibit
the growth [minimal inhibitory concentration (MIC)] of each
bacterial strain.

RESULTS
Se-Sr-HA Characterization

Direct Contact Test—ISO 22196

XRD Analysis

The antibacterial properties of the composite ﬁlms were evaluated
following the ISO 22196 against S. aureus 6538P and E. coli
8739. Samples of 6 mm in diameter were sterilized by UV light
for 15 min, placed onto agar plates, inoculated with 10 µL of
a bacterial culture adjusted to a concentration of 3–5 × 105
CFU/mL and incubated in static conditions at 37◦ C for 24 h.
After the incubation time, the bacteria were recovered from the
sample using a PBS solution and the number of viable cells was
determined through the colony-forming unit method using the
drop plate technique (Herigstad et al., 2001). P(3HO-co-3HDco-3HDD) or P(3HB) neat samples were used as controls. The
antibacterial activity (R%) was expressed as the % reduction of
the number of cells, which was calculated using the formula:
R(%) =

Figure 1 shows powder X-ray diﬀractograms of HA and
Se-Sr-HA. Both diﬀractograms were characteristic of highly
crystalline materials that matched the standard diﬀractogram
of HA (JCPDS. 09-432). The characteristic diﬀraction peaks
for hexagonal HA could be detected in both HA and SeSr-HA samples. The co-substituted HA showed broadening
of the peaks and slight reduction in the peak intensities,
indicating the incorporation of ions in the HA lattice structure.
Moreover, a minor shift in the diﬀraction peaks of Se-Sr-HA
toward lower angle values (2θ) as compared to reference HA
peaks was also detected, a further conﬁrmation of ion doping
(Ozeki et al., 2014).
Measurements of the lattice parameters of HA and Se-SrHA were performed by Rietveld reﬁnement, and are reported
in Table 1. The substitution of selenium and strontium ions
caused the increase in a-axis and c-axis lattice parameters
of Se-Sr-HA as compared to reference HA. An expansion of
the unit cell volume of Se-Sr-HA as compared to pure HA
was also detected.

U−T
∗100
U

Where U is the number of viable bacteria normalized to
the surface area of the sample, in CFU/cm2 , recovered from
the control samples, and T is the number of viable bacteria, in
CFU/cm2 , recovered from samples containing Se-Sr-HA.

Antibacterial Ion Release Studies

XRF Analysis

Antibacterial ion release studies were performed on composite
ﬁlms against S. aureus 6538P or E. coli 8739, following an adapted
method described by Cao et al. (2017). Samples of 6 mm in
diameter were incubated in 1 mL of Mueller Hinton broth at
37◦ C for 1, 3, 6, and 24 h. After each time point, the media with
the eluted ions were collected and replaced with fresh media.
The obtained eluates were incubated with a microbial suspension
adjusted to 3–5 × 105 CFU/mL and incubated for 24 h at 37◦ C in
96 multi-well plates (ﬁnal volume 100 µL). The control consists
of Mueller Hinton broth incubated for the same time period
with P(3HO-co-3HD-co-3HDD) or P(3HB) neat samples. The
antibacterial activity was calculated as the % reduction of the OD
at 600 nm compared to the control using the following formula:

Antibacterial Characterization of
Se-Sr-HA

%OD600 reduction =

Table 2 shows the mol.% of the elements present in HA
and Se-Sr-HA calculated through semi-qualitative XRF analysis.
For the co-substituted HA, the presence of strontium and
selenium could be detected along with calcium and phosphorus,
conﬁrming the substitution of both the selenium and strontium
ions into the lattice structure of HA. Se-Sr-HA samples
showed a Ca/P molar ratio 1.53, slightly lower than the
stoichiometric Ca/P molar ratio in pure HA which is equal
to 1.667. The slight diﬀerence might be the semi-quantitative
mode of analysis.

To evaluate whether the novel Se-Sr-HA possessed any
antibacterial properties, a preliminary in vitro characterization
was conducted following the ISO 20776 to determine the
MIC (i.e., the lowest concentration of an antimicrobial agent
that inhibits the visible growth of the bacteria) using the
broth dilution test against S. aureus 6538P and E. coli 8739.
Figure 2 shows the variation of the optical density at 600 nm
as a function of the Se-Sr-HA concentration against the two
bacterial species. In both curves, a similar trend could be
detected characterized by the inhibition of bacterial growth
with increasing concentration of Se-Sr-HA. The MIC against
S. aureus 6538P was 40 mg/mL, while the value for E. coli
8739 was 60 mg/mL.

(ODc −ODs )
∗100
ODc

ODc is the optical density at 600 nm of the control samples
and ODs is the optical density at 600 nm of the sample.

Statistical Analysis
All measurements were made in triplicate unless otherwise
speciﬁed, and data are presented as mean values ± standard
deviation. Statistical analysis was performed using GraphPad
Prism 7 software by one-way analysis of variance (ANOVA)
with Tukey post hoc test to determine statistically signiﬁcant
diﬀerences between two or more groups. The diﬀerences were
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FIGURE 1 | X-ray diffractograms of non-substituted hydroxyapatite (HA) and selenium ion substituted hydroxyapatite (Se-Sr-HA) synthesized by the wet precipitation
method and sintered at 900◦ C. The characteristic diffraction peaks for hexagonal HA could be detected in both HA and Se-Sr-HA samples. Reflections originating
from hexagonal HA phase are labeled with their corresponding Miller indices.

the characteristic peak of PHAs related to the stretching of
the carbonyl group (1720–1740 cm−1 ) in the ester bond was
identiﬁed. For scl-based composites, this peak is at 1720 cm−1 ,
while for mcl-based ﬁlms at 1727 cm−1 . The mcl-PHAbased composites also showed more prominent peaks around
2900 cm−1 [i.e., stretching of carbon–hydrogen bond of methyl
and methylene group (CH3 , CH2 )] compared to the scl-PHAs
(Randriamahefa et al., 2003; Kann et al., 2014). The spectra of
all the composite ﬁlms showed new bands at 1072–1032, 601,
571, and 474 cm−1 , which were assigned to the vibrations of the
phosphate group, PO4 −3 , present in the HA. In particular, the
area between 1072 and 1032 cm−1 is related to the stretching
mode of the phosphorus oxygen (P–O) bond in the phosphate
group, while the area below 600 cm−1 is due to the bending mode
of the O–P–O bond in the phosphate group (Koutsopoulos, 2002;
Li et al., 2007).

Physicochemical Characterization of 2D
Antibacterial Composite Scaffolds
To obtain 2D antibacterial composite scaﬀolds, three diﬀerent
loading compositions of Se-Sr-HA were investigated, 10, 20
and 30 wt% using P(3HB) or P(3HO-co-3HD-co-3HDD) as the
matrix material. Figure 3 shows the appearance of composite
ﬁlms of diﬀerent compositions and corresponding FTIR spectra.
From macroscopic observation the presence of HA in the ﬁlms
could be detected, as the material looked white and opaque.

ATR-FTIR Analysis
Qualitative characterization of P(3HB) and P(3HO-co-3HD-co3HDD) composites was conducted by ATR-FTIR and the spectra
are shown in Figures 3C,D, respectively. In all the spectra,

SEM and EDX Analyses

TABLE 1 | Lattice parameters of HA and Se-Sr-HA.
◦

α-axis (A◦ )

c-axis (A )

Unit cell volume (A )3

HA

9.443

6.865

528.03

Se-Sr-HA

9.506

6.961

536.91

Sample

Scanning electron microscopy and EDX analyses of the surface
of P(3HB) and P(3HO-co-3HD-co-3HDD) composite ﬁlms are
reported in Figures 4, 5, respectively. For both types of PHAs,
the surface of the composite ﬁlms appeared less uniform than

◦
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TABLE 2 | The measured elemental composition of HA and Se-Sr-HA.
Samples

Calcium

Phosphorus

Selenium

Strontium

Ca+Sr/P+Se ratio

(mol.%)

(mol.%)

(mol.%)

(mol.%)

HA

1.09

0.65

0

0

1.67

1.67

Se-Sr-HA

0.82

0.55

0.0441

0.0897

1.67

1.53

Theoretically calculated

XRF

FIGURE 2 | MIC analysis of Se-Sr-HA powders against S. aureus 6538P (in grey) and E.coli 8739 (in black). For both bacteria, the variations of the OD600 with an
increase in the concentration of Se-Sr-HA are plotted.

neat samples. Such result indicates the transformation of the
amorphous fraction of the polymer into a rigid amorphous
phase due to vitriﬁcation during storage of the ﬁlms at room
temperature for 5 weeks (Lukasiewicz et al., 2018). The loading
of the antibacterial HA into both types of polymeric matrices led
to a signiﬁcant reduction of the enthalpy of fusion (normalized to
the content of the polymer) for both types of PHAs considered.
For P(3HB)-based samples, the sample with 30 wt% of Se-SrHA showed a statistically signiﬁcant reduction in the enthalpy
of fusion and consequently the percentage crystallinity of the
composite samples as compared to the neat samples
(p-value < 0.01). Moreover, the sample with 30 wt% of
ﬁller showed a statistically signiﬁcant reduction in the values
of enthalpy of fusion as compared to both samples with 20
wt% (p-value < 0.05) and 10 wt% (p-value < 0.01) of Se-SrHA. For P(3HO-co-3HD-co-3HDD) ﬁlms, the samples with the
highest contents of ﬁller (i.e., 20 and 30 wt%) showed statistically

that of the neat samples due to the presence of HA particles.
EDX analyses conﬁrmed the presence of Se-Sr-HA particles in
the materials. The spectra of the neat samples showed only the
presence of peaks assigned to carbon and oxygen, while for all
the composite ﬁlms, the presence of the other four elements (i.e.,
calcium, phosphorus, selenium, and strontium) associated with
Se-Sr-HA was detected.

Thermal Characterization
The eﬀect of the incorporation of Se-Sr-HA on the thermal
properties of the composite ﬁlms was evaluated by DSC analysis
(Table 3). For both P(3HO-co-3HD-co-3HDD) and P(3HB)
composite samples, the loading of HA did not induce statistically
signiﬁcant diﬀerences in the melting temperature and the glass
transition values of the composite ﬁlms as compared to the
neat samples. Interestingly, none of the P(3HB)-based ﬁlms
showed the presence of a glass transition phase, including the
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FIGURE 3 | Optical images of P(3HB) (A) and P(3HO-co-3HD-co-3HDD) (B) composite films. In each image, the samples are in the following order from left to right:
neat film, 10 wt% Se-Sr-HA, 20 wt% Se-Sr-HA, and 30 wt% Se-Sr-HA composite films. ATR-FT-IR spectra of P(3HB) (C) and P(3HO-co-3HD-co-3HDD) (D)
composite films. In each spectrum, neat samples are in black, 10 wt% Se-Sr-HA in blue, 20 wt% Se-Sr-HA in green, and 30 wt% Se-Sr-HA in red.

FIGURE 4 | SEM image at 500× (a–d) and 2000× (e–h) and EDX spectra (i–n) of P(3HB) based composite films. The samples are in the following order from left to
right: neat film, 10 wt% Se-Sr-HA, 20 wt% Se-Sr-HA, and 30 wt% Se-Sr-HA composite films.
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FIGURE 5 | SEM image at 500× (a–d) and 2000× (e–h) and EDX spectra (i–n) of P(3HO-co-3HD-co-3HDD) based composite films. The samples are in the
following order from left to right: neat film, 10 wt% Se-Sr-HA, 20 wt% Se-Sr-HA, and 30 wt% Se-Sr-HA composite films.
TABLE 3 | Thermal properties of P(3HB) and P(3HO-co-3HD-co-3HDD) composite samples.
Tm (◦ C)

Tg (◦ C)

1Hn m (J/g)

X c (%)

0 (neat)

169 ± 2

n.d.

82 ± 4

56 ± 4

10

169 ± 1

n.d.

83 ± 4

57 ± 3

20

170 ± 1

n.d.

78.5 ± 4

54 ± 3

30

169 ± 1.5

n.d.

61 ± 4.5

42 ± 3

0 (neat)

53 ± 5

−44 ± 2

24.5 ± 1

–

10

52 ± 0.5

−40.5 ± 2

21.5 ± 1.5

–

20

52.5 ± 0.5

−42 ± 2

19 ± 1.5

–

30

52 ± 0.5

−42 ± 0.5

18 ± 2

–

Sample
PHA
P(3HB)

P(3HO-3HO-3HDD)

Wt% of Se-Sr-HA

Tm is the melting peak, Tg is the glass transition, 1Hn m is the enthalpy of fusion normalized to the mass fraction of the polymer, and Xc is the % polymer crystallinity.

lower values of enthalpy of fusion as compared to the neat ﬁlms
(p-value < 0.05 for 20 wt% and p-value < 0.01 for 30 wt%).
However, no statistically signiﬁcant diﬀerences in the enthalpy of
fusion were detected between the composite ﬁlms (i.e., 10 wt%
vs 20 wt% vs 30wt%). For mcl-PHA-based materials, it was not
possible to calculate the value of crystallinity from the enthalpy
of fusion as the reference enthalpy of fusion (i.e., the enthalpy of
fusion for a 100% crystalline polymer) is not known (Suchitra,
2004). Since the enthalpy of fusion is directly proportional to the
degree of crystallinity, the decrease in the enthalpy of fusion of
the composite indicated that the presence of the ﬁller aﬀected
P(3HO-co-3HD-co-3HDD) crystallization.

properties of the materials, and the results are reported in Table 4.
Overall, for both types of PHAs, the addition of HA leads to an
increase in the elastic modulus and a decrease of the elongation
at break of the composite samples as compared to the neat ones.
For P(3HB) samples, the ﬁlm containing 20 wt% of Se-Sr-HA
showed the highest increase in the Young’s modulus, which was
almost double that of the neat samples (p-value < 0.01). Also, the
ultimate tensile strength increased by 1.5 times as compared with
the neat ﬁlms (p-value < 0.001). In terms of elongation at break,
all the composite ﬁlms showed a three to seven times decrease
in the average values, without statistically signiﬁcant diﬀerence
between the three diﬀerent compositions. As regards the mclPHA-based composites, Se-Sr-HA ﬁller induced an increase in
the elastic modulus by two to three times for all the compositions
tested as compared to neat P(3HO-co-3HD-co-3HDD) samples,
but no statistically signiﬁcant diﬀerences were detected between

Mechanical Characterization
Tensile testing of the composite ﬁlms was conducted to assess
the inﬂuence of the incorporation of Se-Sr-HA on the mechanical
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TABLE 4 | Mechanical properties of P(3HB) and P(3HO-co-3HD-co-3HDD) composite films and corresponding neat polymers (n = 6).
Sample
PHA
P(3HB)

P(3HO-3HO-3HDD)

Young’s modulus (MPa)

Ultimate tensile strength (MPa)

Elongation at break (%)

16 ± 8

Wt% of Se-Sr-HA
0 (neat)

900 ± 120

20 ± 1.5

10

1100 ± 100

23.5 ± 1.0

5±2

20

1700 ± 200

30 ± 3

2.5 ± 1.0

30

900 ± 200

24 ± 2

3±1

0 (neat)

5±2

6.5 ± 1.0

414 ± 32

10

14 ± 4

7.0 ± 1.5

299 ± 44

20

14 ± 6

6.0 ± 1.5

284 ± 31

30

16 ± 2

4±1

173 ± 32

the samples with diﬀerent Se-Sr-HA content. In terms of the
ultimate tensile strength, the samples with 30 wt% of ﬁller showed
a signiﬁcant decrease in the average values compared to the neat
ﬁlms (p-value < 0.5), while for the other two ﬁller contents
(i.e., 10 and 20 wt%), no variation could be detected. Finally, a
signiﬁcant reduction of the elongation at break was detected for
all the composite samples, with the highest average reduction of
almost 2.5 times observed for the ﬁlms with 30 wt% of Se-Sr-HA.

of Se-Sr-HA), causing an average 96% reduction of bacterial cells.
The mcl-PHA-based composites showed a higher eﬀect against
E. coli 8739, as all the compositions investigated led to at least a
99.5% reduction of the bacterial cell count.

Antibacterial Ion Release Studies
The antibacterial release study was performed against S. aureus
6538P and E. coli 8739 to investigate the capability of the
developed 2D antibacterial composite ﬁlms to release ions with
antibacterial properties. In this indirect method, the bacterial
cells were with the eluates obtained by incubating the polymeric
samples in Mueller Hinton broth. The antibacterial activity was
calculated as the reduction in the OD of the bacterial suspension
in contact with the eluates obtained from the composite samples
as compared to bacteria cultured with the eluates from the
neat ﬁlms. Overall, P(3HB) and P(3HO-co-3HD-co-3HDD)
composite samples showed activity against both bacterial species,
as shown in Figure 7. In the case of S. aureus 6538P, both
materials showed at least a 30% average reduction of the OD
for all the time points evaluated. Moreover, the composite with
the highest content of HA (i.e., 20 and 30 wt%) showed a higher
antibacterial activity than that of samples with 10 wt% of ﬁller
at all the time points evaluated. Finally, both materials induced a
reduction of the OD of E. coli 8739 cells, even though the eﬃcacy
was lower as compared to S. aureus 6538P.

Antibacterial Characterization
The antibacterial properties of the composite ﬁlms developed
were investigated using two tests, a direct contact test (i.e., ISO
22196) and an indirect one (i.e., antibacterial ion release). The
former is a standard well-established procedure used for the
quantiﬁcation of the antimicrobial properties of the surfaces of
materials (Molling et al., 2014). The latter one was chosen to
evaluate whether the materials produced release ions possessing
antimicrobial activity. The 2D composite ﬁlms developed are
expected to exhibit an antibacterial activity by two mechanisms:
contact activity when bacteria adhere to the material surface
containing HA with selenite ions incorporated in its structure and
due to an action of solubilized ions released in the surrounding
environment. The two selected tests enable analysis of the
contribution of the two mechanisms independently of each other.

Direct Contact Test—ISO 22196
The ISO 22196 was performed to investigate the antimicrobial
activity of the composite ﬁlms against S. aureus 6538P and E. coli
8739, seeded directly on the surface of the materials. P(3HB)
and P(3HO-co-3HD-co-3HDD) composite samples showed to
be active against both bacterial species at all the three loading
contents investigated, inducing a reduction of the bacterial cell
number as compared to the respective neat samples (Figure 6).
For the scl-PHA-based composites, all the ﬁlms showed a high
eﬃcacy, causing a 100% killing of S. aureus 6538P and E. coli 8739
for all the compositions tested. The P(3HO-co-3HD-co-3HDD)
composite ﬁlms showed a bactericidal eﬀect against S. aureus
6538P, increasing with the increase in the HA content. The
samples with the lowest contents of ﬁller (i.e., 10 and 20 wt%
of Se-Sr-HA) induced a 90 and 94% average reduction of the
number of bacterial cells, respectively, while the highest eﬃcacy
was obtained with the highest content of the ﬁller (i.e., 30 wt%

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

DISCUSSION
The use of HA doped with metal ions in bone regeneration has
attracted great interest in recent years thanks to the possibility of
enhancing its mechanical and biological properties. In this work,
a novel co-substituted HA was developed by wet precipitation
with sodium selenite and strontium nitrate as the sources of
selenium and strontium, respectively. In the literature, HA
containing either strontium or selenium has been developed
(Uskokovic et al., 2017; Zarins et al., 2019), but to our knowledge
to date, no study regarding the simultaneous co-substitution of
such ions has been published. Selenium was chosen to introduce
antibacterial properties in the material. Only a few studies have
been conducted on the antibacterial properties of selenium and
the mechanism behind its eﬃcacy has not been elucidated yet.
The main hypothesis formulated is the induction of oxidative
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FIGURE 6 | Antibacterial activity (R%) (ISO 22196) of P(3HB) (A) and P(3HO-co-3HD-co-3HDD) (B) composite films against S. aureus 6538P and E. coli 8739. In
each figure, neat films are in black, composite films with 10 wt% of Se-Sr-HA in blue, 20 wt% in green, and 30 wt% red. The control consists of bacteria cultured on
neat films (inducing no reduction in the bacterial cell number, having an average R% of zero). ∗∗∗∗ p-value < 0.0001 indicates statistically significant difference
between the composite films and the respective neat films.

FIGURE 7 | Indirect antibacterial ion release study of the eluates from P(3HB) (A,B) and P(3HO-3HD-3HDD) (C,D) composite films S. aureus 6538P (A,C) and E. coli
8739 (B,D). In each figure, neat films are in black, composite films with 10 wt% of Se-Sr-HA in blue, 20 wt% in green, and 30 wt% in red. The control is bacteria
cultured with the eluates obtained from the neat films (inducing no antibacterial effect, having an average %OD600 reduction of zero).∗ p-value < 0.05,
∗∗ p-value < 0.01, ∗∗∗ p-value < 0.001, and ∗∗∗∗ p-value < 0.0001 indicate statistically significant difference between the composite samples and the respective neat
films.

leading to bacterial death (Kolmas et al., 2014; Huang et al.,
2019). However, the use of selenium has also been linked with
cytotoxic eﬀects (Wang et al., 2012; Uskokovic et al., 2017). For

stress through the production of reactive oxygen species and
the depletion of thiol groups, inducing membrane and cell
wall damage as well as permanent changes in cell components
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Gram-negative bacteria, as shown in this study. In the study
by Uskokovic et al., substituted HAs with four concentrations
of selenium (0.1, 1.2, 1.9, and 3 wt%) in the form of powders
showed activity against E. coli, S. aureus, Salmonella enteritidis,
and Pseudomonas aeruginosa, inducing a zone of inhibition at
all the concentrations investigated. Rodríguez-Valencia et al.
produced Se-HA with 0.6 at% of selenium. The ceramic produced
was used as a coating for titanium disc samples and showed
activity against P. aeruginosa 19582 and S. aureus 6538P, by
inducing a reduction in bioﬁlm formation (Rodríguez-Valencia
et al., 2013). Finally, a co-substituted HA with selenium (3.6
wt%) and manganese (0.6 wt%) was produced by Kolmas et al.
The antimicrobial properties of the material were investigated
by the incubation of the ceramic in the form of pellets with a
microbial suspension of S. aureus 25293 and E. coli 2592 for 24 h.
The material induced reduction in the cell count of S. aureus
25293, while it showed no activity against E. coli 2592 (Kolmas
et al., 2015). The diﬀerence in the form of HA used, pellet discs,
compared to the powder used in this study and in the work of
Uskokovic et al. might be the reason for the discrepancy in the
results obtained against E. coli, as the former might have led
to a lower release of antimicrobial ions compared to the free
powder form. Nevertheless, our study and published works are
in agreement that Se-HA is less eﬃcient against E. coli than
S. aureus.
The Se-Sr-HA produced was combined with two types
of PHAs, P(3HB) and P(3HO-co-3HD-co-3HDD) to produce
antibacterial composite materials for their potential use as
the starting materials for the fabrication of scaﬀolds for
bone regeneration. The two polymers were produced by
bacterial fermentation following optimized protocols previously
developed by our group (Basnett et al., 2018; Lukasiewicz
et al., 2018). These two polyesters were chosen as representative
of scl and mcl-PHAs, respectively. As mentioned in Section
“Introduction,” P(3HB) has been explored in the literature as a
material for bone tissue regeneration thanks to its mechanical
properties, in the range of those of native bone (Karageorgiou
and Kaplan, 2005; Misra et al., 2008). Little investigation has been
conducted on the use of mcl-PHAs for bone regeneration. Ansari
et al. (2016) developed a porous composite scaﬀold through
the combination of P(3HHx-co-3HO) with non-substituted
HA. The elastomeric nature of these polymers makes them
attractive suitable candidates as materials for non-load bearing
applications. In this work, we studied the combination of the
two PHAs with Se-Sr-HA to produce novel composite materials
with osteinductive and antibacterial properties, without the
use of antibiotics.
Qualitative chemical analysis through FT-IR and EDX
conﬁrmed the incorporation of the Se-Sr-HA inside the polymer
matrix. Analysis of the surface morphology evidenced diﬀerences
between the P(3HB)-based and P(3HO-co-3HD-co-3HDD)based samples. Mcl-PHA ﬁlms obtained by solvent evaporation
are usually characterized by a smooth surface, while scl-PHA
ﬁlms usually show a rougher surface with protrusions and pores
(Rai et al., 2011; Anbukarasu et al., 2015). This distinctive feature
can be attributed to the higher degree of crystallization and a

this reason, in this work, its co-substitution with strontium was
investigated to oﬀ-set its toxicity. Strontium ions were chosen as
they have been shown to introduce osteoinductive and osteogenic
properties, favoring bone remodeling (Nielsen, 2004; Ratnayake
et al., 2017). Structural characterization through XRD and XRF
conﬁrmed the co-substitution of both ions in the crystalline
lattice. From the literature, it is known that strontium ions
partially substitute calcium ions through cationic substitutions,
while anionic substitution occurs between selenite and phosphate
groups (Ratnayake et al., 2017; Uskokovic et al., 2017). The
introduction of such ions induced a change in lattice parameters
and an increase in the unit cell volume. Sr2+ might have played
a signiﬁcant role in the expansion of the unit cell volume of
Se-Sr-HA due to its larger ionic radius as compared to Ca2+ ,
118 and 99 pm, respectively (Gritsch et al., 2019; Zarins et al.,
2019). Nevertheless, Se-Sr-HA still maintained the crystalline
structure of HA. In particular, the XRD results showed that
selenite ions were substituted into the HA crystal lattice in the
absence of secondary phase. Moreover, the XRD and XRF data
conﬁrmed the incorporation of selenium into the lattice structure
of HA. If these ions were only adsorbed on the crystal surface,
the content of selenium would have been negligible (as any
soluble selenium salt would be removed during the washing
step). The selenium and strontium content obtained in Se-SrHA samples was signiﬁcantly lower than the anticipated values
based on the stoichiometric ratio of components used in the
synthesis (Table 2). Such a diﬀerence could be associated with the
semi-quantitative mode of analysis used for XFR in this study.
Moreover, the lower substitution of strontium ions at calcium
sites could be related to the larger ionic radii of Sr2+ (118 pm)
compared to Ca2+ (99 pm). Selenite and phosphate ions have
similar ionic radii, but a diﬀerent geometric arrangement, ﬂat
trigonal pyramid structure for SeO3 2− compared to tetrahedral
structure for PO4 3− ions, which could be the reason for the
lower substitution (Pajor et al., 2018). Consequently, the added
ions were partially substituted in the HA lattice, while the excess
selenium and strontium ions remained in solution were removed
during the washing steps of the wet precipitation synthesis.
A preliminary in vitro characterization of the materials
conﬁrmed that the introduction of selenium conferred
antibacterial properties to the HA. The Se-Sr-HA showed to be
active against both S. aureus 6538P and E. coli 8739, inducing
inhibition of the microbial cell growth. The composition of
the Se-Sr-HA used in this work [i.e., produced considering
Sr:(Sr+Ca) and Se:(Se+P) molar ratios of 0.2] was selected based
on their antibacterial properties. Other compositions of Se-SrHA were prepared by varying the Se/(Se+P) and Sr/(Sr+Ca)
ratios (i.e., 0.01, 0.03, 0.05, and 0.1) and they exhibited a lower
antibacterial activity compared to the one used in this study (i.e.,
0.2) against both bacterial species (data not shown). Limited
research has been conducted in the literature to investigate
the antibacterial properties of selenium-doped HA, and the
few studies carried out vary in terms of content of selenium,
form of HA, and test method utilized, making it diﬃcult to
compare the results obtained. Nevertheless, overall the materials
produced have shown activity against both Gram-positive and
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the ones with 10 wt% of ﬁller and in parallel a reduction
of the enthalpy of fusion (and consequently crystallinity) was
obtained with the materials with 20 and 30 wt% of HA. The
diﬀerence between the two types of PHAs might be related
to the higher crystallinity of the scl-PHAs compared to the
mcl ones. It has in fact been hypothesized that in polymers
with high crystallinity, low quantities of ﬁller present in the
amorphous region do not impact signiﬁcantly on the ﬁnal bulk
mechanical properties, therefore requiring higher ﬁller amount
compared to less crystalline materials (Kaur and Shofner, 2009;
Grøndahl et al., 2017).
Overall, the P(3HB) composite containing Se-Sr-HA showed
mechanical features similar to those of cancellous bone, making
them good candidates for the development of materials for
the reconstruction of defects of such type of tissue (Fernandez
de Grado et al., 2018). However, future work should still be
conducted to improve the brittleness of these materials, which
might limit their in vivo application. On the other hand,
P(3HO-co-3HD-3HDD) still showed a ductile behavior after the
incorporation of the HA. Even though a drastic decrease in
the deformation capability of the ﬁlms was evidenced for the
three ﬁller contents analyzed, the composite samples with 30
wt% of Se-Sr-HA still showed a high elongation at break with
an average value of 170%. Such a characteristic could make
them a suitable candidate for the generation of scaﬀolds for
non-load bearing applications, where their elastic nature might
be an advantage for the development of ﬂexible and easily
shaped materials able to adapt to the defect site (Ural et al.,
2000; Chen et al., 2012). Nevertheless, the ﬁnal mechanical
properties should be further optimized and could be achieved
by improving the interface between the polymers and the ﬁller
with the use, for example, of nano-sized HA (Misra et al., 2008;
Rai et al., 2008).
The main reason for the use of a co-substituted HA compared
to traditional calcium phosphates was to develop a material
possessing antibacterial properties to be used for the fabrication
of the scaﬀold able to reduce and prevent the attachment
and proliferation of bacteria in bone regeneration. The 2D
composite ﬁlms developed exhibited an antibacterial activity by
two mechanisms, by direct contact between the bacteria and
the selenite ions present in the HA structure (analyzed through
the direct tests ISO 22196) and by action of the ions released
in the surrounding environment (analyzed through the indirect
contact test and antibacterial ions release). In particular, both
composite types exhibited a high activity on contact, inducing
at least a 90% reduction of bacterial cell number of both
S. aureus 6538P and E. coli 8739. These results conﬁrmed the
activity of selenium containing compound against both Grampositive and Gram-negative species, as already evidenced in
MIC studies (Rodríguez-Valencia et al., 2013; Alam et al., 2016;
Uskokovic et al., 2017). S. aureus 6538P and E. coli 8739
were chosen as representative organisms of Gram-positive and
Gram-negative bacteria, respectively, as described by the ISO
22196. Future work will evaluate the antibacterial activity of the
materials against other strains (e.g., Staphylococcus epidermidis,
Streptococci sp., and Pseudomonas sp.) associated with bone

more rapid crystallization rate of scl-PHAs compared to mclPHAs (Kai et al., 2003; Li et al., 2016). The two types of composite
ﬁlms with Se-Sr-HA showed the same distinctive characteristics.
For P(3HB) composites, the presence of a more porous surface
led to a higher exposure of the HA compared to the P(3HO-co3HD-co-3HDD) ones. Wang et al. reported a similar behavior
between the surface of P(3HB) and P(3HB-co-3HHx) ﬁlms
loaded with HA. A higher amount of the ﬁlling could be detected
on the surface of the former composites, which was attributed to
the higher crystallinity of the bulk material (Wang et al., 2008).
The loading of Se-Sr-HA in the two types of PHA-based
composites induced a decrease in the enthalpy of fusion (and
consequently the crystallinity) of the materials with high content
of ﬁller compared to the neat samples. These results indicate that
the introduction of high quantities of ﬁller reduced the mobility
of the chains, hindering the material crystallization (Misra et al.,
2008). Such behavior can be associated with the micro-size
dimension of the ﬁller utilized in this study. In the literature,
hindering of the crystallization has been shown when combining
PHAs with micro-size HA (Bergmann and Owen, 2003; Ansari
et al., 2016), while a nucleating eﬀect was detected in the presence
of nano-sized HA particles (Misra et al., 2008; Noohom et al.,
2009; Sadat-Shojai et al., 2013). The increase in crystallinity has
been associated with the better interface between the ﬁller and
the polymeric matrix created by the higher dispersion of nanosized HA compared with micro-size particles (Misra et al., 2008;
Sadat-Shojai et al., 2013).
One of the main reasons for the use of composites is
to create a ﬁnal material that has a higher strength and
modulus than the polymeric component and at the same
time better toughness and processability than the inorganic
ﬁller. For both types of PHAs, the introduction of the HA
led to an improvement in the strength and stiﬀness of the
material. Simultaneously, an embrittlement of the constructs was
evidenced through the reduction of the elongation at break.
In particular, in the case of P(3HB), a composite loading
percentage of 20 wt% was found to be optimal to obtain the
highest increment of Young’s modulus (1.7 GPa) and tensile
strength (30 MPa) compared with the neat P(3HB) ﬁlms
(0.9 GPa and 19 MPa, respectively). A higher content of ﬁller
(i.e., 30 wt%) induced a detrimental eﬀect on the mechanical
properties of the composite ﬁlms with a decrease in both
the elastic modulus and the tensile strength as compared to
the samples with 20 wt% of Se-Sr-HA. Such behavior can be
correlated to the decrease in the crystallinity of the material for
the composites with the highest ﬁller loading. Moreover, the
higher particle agglomeration for samples with the highest ﬁller
loading is likely to increase ﬁller–ﬁller contacts which weaken
the composite structure (Goonasekera et al., 2016; Grøndahl
et al., 2017). For the P(3HO-co-3HD-co-3HDD) composite ﬁlms,
the sample with the lowest content of Se-Sr-HA showed the
highest improvement of elastic modulus (14 MPa) and tensile
strength (7 MPa) compared to neat P(3HO-co-3HD-co-3HDD)
ﬁlms (5.3 and 6.5 MPa, respectively). No increase in the elastic
modulus was in fact evidenced for P(3HO-co-3HD-3HDD)
samples containing 20 and 30 wt% of Se-Sr-HA compared to
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its combination with two types of PHAs, both scl and mcl,
to produce novel antibacterial materials for bone regeneration
without the use of antibiotics. The loading of the ﬁller in the
polymer matrix induced an enhancement in the mechanical
strength of both scl and mcl-PHA ﬁlms, combined with a parallel
reduction in the deformability of the materials. The developed
composite materials possess high antibacterial activity against
S. aureus 6538P and E. coli 8739 through two mechanisms, by
direct contact between the bacteria and the materials surface
and through the release of active ions at a concentration
capable of inhibiting bacterial growth in a prolonged manner,
up to 24 h. This study demonstrates the potential of these
materials to provide antibacterial activity without the use of
antibiotics, allowing them to be used as starting materials for the
development of unique and eﬀective antibacterial scaﬀolds for
bone regeneration. Future work will focus on the development
of these scaﬀolds and investigation of their biocompatibility
properties using bone cell lines and further in vivo work.

infection and antibiotic-resistant strains such as methicillinresistant S. aureus.
P(3HB) composites showed a higher eﬀect compared to the
P(3HO-co-3HD-co-3HDD) ones, as they completely prevented
the growth of both Gram-positive and Gram-negative cells. This
higher activity might be due to the diﬀerences in the surface
properties of the two types of composites that were evidenced
in the SEM analyses. The scl-PHAs samples possessed in fact a
more porous surface which might have led to a higher exposure
of HA on surface of the ﬁlms, therefore potentially increasing the
amount of ions in contact with the bacterial cells.
Both P(3HB) and P(3HO-co-3HD-co-3HDD) composites
showed a reduction in the growth of S. aureus 6538P and
E. coli 8739 during the in vitro antibacterial indirect tests. Such
results can be used as an indication of the capability of such
materials to release ions. In particular, the release of the ions
seemed to possess an early onset as a reduction of the number
of bacteria could be detected with the eluates obtained after
1 h of incubation for both types of PHAs. Moreover, it appears
that the release is extended over time, as the media obtained at
24 h of incubation still possessed an antimicrobial activity. As
expected, the materials containing a higher percentage of HA
showed a higher antimicrobial eﬀect which could be associated
with an increased amount of selenite ions. Moreover, P(3HB)based composites exhibited a slightly higher activity against both
bacterial strains compared with composites with mcl-PHA matrix
polymer. The higher porosity of P(3HB) matrix might be the
reason of the higher antibacterial activity due to more rapid
release of antimicrobial ions. Nevertheless, further studies should
be conducted to quantify the concentration of the ions released
and to investigate release kinetics over a longer period of time.
For both P(3HB) and P(3HO-co-3HD-co-3HDD) composites,
the growth inhibition was slightly more eﬀective against Grampositive bacteria than negative ones. In a few studies in the
literature, low concentrations of selenite ions did not induce
signiﬁcant reduction in E. coli cultures (Vasić et al., 2011; Alam
et al., 2016). It is known in the literature that some species are
capable of reducing inorganic selenite ions to elemental selenium
nanoparticles which are then deposited within the cell (e.g., in
the cytoplasm or in the periplasmic space) or pumped outside
the cells (Turner et al., 1998; Gonzalez-Gil et al., 2016). E. coli
has been shown to possess such features probably making them
less susceptible to the antimicrobial activity of such ions at lower
concentrations (Turner et al., 1998). These results are also in
agreement with the slightly higher MIC value obtained for E. coli
8739 compared to the S. aureus 6538P for the Se-Sr-HA.

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS
EM produced the PHAs, performed all the experiments and
data analysis related to the composite samples, and drafted
the manuscript. MM produced the Se-Sr-HA, conducted
the experiments and data analysis related to the Se-SrHA physiochemical characterization, and contributed to the
drafting of the manuscript. RN contributed to the data
analysis related to the characterization of the composite
materials and the manuscript revision. MC, PJ, and PB
contributed to the manuscript revision. JK was involved in the
SEM/EDX analyses. AB and IR contributed to the planning and
supervision of the project and manuscript revision. All authors
contributed to manuscript revision and read and approved the
submitted version.

FUNDING
This work was supported by the “Drug-Free Antibacterial
Hybrid Biopolymers for Medical Applications” HyMedPoly
project and the European Union’s Horizon 2020 Research
and Innovation Programme under the Marie SkłodowskaCurie Action MSCAITN-2014-EID: Marie Skłodowska-Curie
Innovative Training Networks (Grant No. 643050).

CONCLUSION
This work focused on tackling the worldwide threat posed
by the rapid growth of antimicrobial resistance to antibiotics.
In particular, we targeted bone regeneration, a biomedical
application characterized by a high risk of bacterial infection
which can signiﬁcantly impair the correct regrowth of functional
tissue. We reported, for the ﬁrst time, the synthesis of a novel
dual substituted HA containing selenium and strontium and

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

ACKNOWLEDGMENTS
The authors would like to thank Dr. Nicola Mordan from
Eastman Dental Institute, University College London for her
contribution in SEM and EDX analyses.

14

April 2021 | Volume 9 | Article 647007

Marcello et al.

Antibacterial Composite Materials

REFERENCES

Herigstad, B., Hamilton, M., and Heersink, J. (2001). How to optimize the drop
plate method for enumerating bacteria. J. Microbiol. Methods 44, 121–129.
doi: 10.1016/S0167-7012(00)00241-4
Ho, M. H., Li, S. Y., Ciou, C. Y., and Wu, T. M. (2014). The morphology and
degradation behavior of electrospun poly(3- hydroxybutyrate)/Magnetite and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/ Magnetite composites. J. Appl.
Polym. Sci. 131:41070. doi: 10.1002/app.41070
Huang, T., Holden, J. A., Heath, D. E., O’Brien-Simpson, N. M., and O’Connor,
A. J. (2019). Engineering highly eﬀective antimicrobial selenium nanoparticles
through control of particle size. Nanoscale 11, 14937–14951.
Johnson, C. T., and García, A. J. (2015). Scaﬀold-based anti-infection strategies in
bone repair. Ann. Biomed. Eng. 43, 515–528. doi: 10.1007/s10439-014-1205-3
Kai, Z., Ying, D., and Guo-Qiang, C. (2003). Eﬀects of surface morphology on
the biocompatibility of polyhydroxyalkanoates. Biochem. Eng. J. 16, 115–123.
doi: 10.1016/S1369-703X(03)00029-9
Kann, Y., Shurgalin, M., and Krishnaswamy, R. K. (2014). FTIR spectroscopy
for analysis of crystallinity of poly(3-hydroxybutyrate-co-4 -hydroxybutyrate)
polymers and its utilization in evaluation of aging, orientation and composition.
Polym. Test. 40, 218–224. doi: 10.1016/j.polymertesting.2014.09.009
Karageorgiou, V., and Kaplan, D. (2005). Porosity of 3D biomaterial scaﬀolds and
osteogenesis. Biomaterials 26, 5474–5491. doi: 10.1016/j.biomaterials.2005.02.
002
Kashirina, A., Yao, Y., Liu, Y., and Leng, J. (2019). Biopolymers as bone substitutes:
a review. Biomater. Sci. 7, 3961–3983. doi: 10.1039/C9BM00664H
Kaur, G., Kumar, V., Baino, F., Mauro, J. C., Pickrell, G., Evans, I., et al.
(2019). Mechanical properties of bioactive glasses, ceramics, glass-ceramics and
composites: state-of-the-art review and future challenges. Mater. Sci. Eng. C
104:109895. doi: 10.1016/j.msec.2019.109895
Kaur, J., and Shofner, M. L. (2009). Surface area eﬀects in hydroxyapatite/poly(εcaprolactone) nanocomposites. Macromol. Chem. Phys. 210, 677–688. doi: 10.
1002/macp.200800508
Kolmas, J., Groszyk, E., and Kwiatkowska-Rózycka, D. (2014). Substituted
hydroxyapatites with antibacterial properties. BioMed Res. Int. 2014:178123.
doi: 10.1155/2014/178123
Kolmas, J., Groszyk, E., and Piotrowska, U. (2015). Nanocrystalline hydroxyapatite
enriched in selenite and manganese ions: physicochemical and antibacterial
properties. Nanoscale Res. Lett. 10:989. doi: 10.1186/s11671-015-0989-x
Koutsopoulos, S. (2002). Synthesis and characterization of hydroxyapatite crystals:
a review study on the analytical methods. J. Biomed. Mater. Res. 62, 600–612.
doi: 10.1002/jbm.10280
Li, Z. Y., Lam, W. M., Yang, C., Xu, B., Ni, G. X., Abbah, S. A., et al.
(2007). Chemical composition, crystal size and lattice structural changes after
incorporation of strontium into biomimetic apatite. Biomaterials 28, 1452–
1460. doi: 10.1016/j.biomaterials.2006.11.001
Li, Z., Yang, J., and Loh, X. J. (2016). Polyhydroxyalkanoates: opening doors for a
sustainable future. NPG Asia Mater. 8:e265. doi: 10.1038/am.2016.48
Lizarraga Valderrama, L. D. R., Nigmatullin, R., Ladino, B., Taylor, C. S.,
Boccaccini, A. R., Knowles, J. C., et al. (2020). Modulation of neuronal cell
aﬃnity of composites scaﬀolds based on polyhydroxyalkanoates and bioactive
glasses. Biomed. Mater. (Bristol England) 15:045024. doi: 10.1088/1748-605x/
ab797b
Lukasiewicz, B., Basnett, P., Nigmatullin, R., Matharu, R., Knowles, J. C., and Roy,
I. (2018). Binary polyhydroxyalkanoate systems for soft tissue engineering. Acta
Biomater. 71, 225–234. doi: 10.1016/j.actbio.2018.02.027
Misra, S. K., Mohn, D., Brunner, T. J., Stark, W. J., Philip, S. E., Roy, I., et al. (2008).
Comparison of nanoscale and microscale bioactive glass on the properties
of P(3HB)/Bioglass R composites. Biomaterials 29, 1750–1761. doi: 10.1016/j.
biomaterials.2007.12.040
Molling, J. W., Seezink, J. W., Teunissen, B. E. J., Muijrers-Chen, I., and Borm,
P. J. A. (2014). Comparative performance of a panel of commercially available
antimicrobial nanocoatings in Europe. Nanotechnol. Sci. Appl. 7, 97–104. doi:
10.2147/NSA.S70782
Moreno-Reyes, R., Egrise, D., Nève, J., Pasteels, J. L., and Schoutens, A. (2001).
Selenium deﬁciency-induced growth retardation is associated with an impaired
bone metabolism and osteopenia. J. Bone Miner. Res. 16, 1556–1563. doi: 10.
1359/jbmr.2001.16.8.1556
Mouriño, V., and Boccaccini, A. R. (2010). Bone tissue engineering therapeutics:
controlled drug delivery in three-dimensional scaﬀolds. J. R. Soc. Interface 7,
209–227.

Alam, M. F., Safhi, M. M., Moni, S. S., and Jabeen, A. (2016). In vitro antibacterial
spectrum of sodium selenite against selected human pathogenic bacterial
strains. Scientifica 2016:9176273. doi: 10.1155/2016/9176273
Anbukarasu, P., Sauvageau, D., and Elias, A. (2015). Tuning the properties
of polyhydroxybutyrate ﬁlms using acetic acid via solvent casting. Sci. Rep.
5:17884. doi: 10.1038/srep17884
Ansari, N. F., Annuar, M. S. M., and Murphy, B. P. (2016). A porous mediumchain-length poly(3-hydroxyalkanoates)/hydroxyapatite composite as scaﬀold
for bone tissue engineering. Eng. Life Sci. 17, 420–429. doi: 10.1002/elsc.
201600084
Baldwin, P., Li, D. J., Auston, D. A., Mir, H. S., Yoon, R. S., and Koval, K. J. (2019).
Autograft, allograft, and bone graft substitutes: clinical evidence and indications
for use in the setting of orthopaedic trauma surgery. J. Orthop. Trauma 33,
203–213. doi: 10.1097/BOT.0000000000001420
Basnett, P., Marcello, E., Lukasiewicz, B., Panchal, B., Nigmatullin, R., Knowles,
J. C., et al. (2018). Biosynthesis and characterization of a novel, biocompatible
medium chain length polyhydroxyalkanoate by Pseudomonas mendocina CH50
using coconut oil as the carbon source. J. Mater. Sci. Mater. Med. 29, 179–190.
doi: 10.1007/s10856-018-6183-9
Bergmann, A., and Owen, A. (2003). Hydroxyapatite as a ﬁller for biosynthetic
PHB homopolymer and P(HB-HV) copolymers. Polym. Int. 52, 1145–1152.
doi: 10.1002/pi.1206
Bonartsev, A. P., Bonartseva, G. A., Reshetov, I. V., Kirpichnikov, M. P., and
Shaitan, K. V. (2019). Application of polyhydroxyalkanoates in medicine and
the biological activity of natural poly(3-hydroxybutyrate). Acta Naturae 11,
4–16. doi: 10.32607/20758251-2019-11-2-4-16
Cao, Z., Jiang, D., Yan, L., and Wu, J. (2017). In vitro and in vivo drug
release and antibacterial properties of the novel vancomycin-loaded bone-like
hydroxyapatite/poly amino acid scaﬀold. Int. J. Nanomed. 12, 1841–1851. doi:
10.2147/IJN.S122864
Chen, Q., Zhu, C., and Thouas, G. A. (2012). Progress and challenges in
biomaterials used for bone tissue engineering: bioactive glasses and elastomeric
composites. Prog. Biomater. 1:2. doi: 10.1186/2194-0517-1-2
Chocholata, P., Kulda, V., and Babuska, V. (2019). Fabrication of scaﬀolds for
bone-tissue regeneration. Materials 12:568. doi: 10.3390/ma12040568
De Witte, T. M., Fratila-Apachitei, L. E., Zadpoor, A. A., and Peppas, N. A. (2018).
Bone tissue engineering via growth factor delivery: from scaﬀolds to complex
matrices. Regen. Biomater. 5, 197–211. doi: 10.1093/rb/rby013
Eliaz, N., and Metoki, N. (2017). Calcium phosphate bioceramics: a review of their
history, structure, properties, coating technologies and biomedical applications.
Materials 10:334. doi: 10.3390/ma10040334
Fernandez de Grado, G., Keller, L., Idoux-Gillet, Y., Wagner, Q., Musset,
A. M., Benkirane-Jessel, N., et al. (2018). Bone substitutes: a review of
their characteristics, clinical use, and perspectives for large bone defects
management. J. Tissue Eng. 9, 1–18. doi: 10.1177/2041731418776819
Gonzalez-Gil, G., Lens, P. N. L., and Saikaly, P. E. (2016). Selenite reduction by
anaerobic microbial aggregates: microbial community structure, and proteins
associated to the produced selenium spheres. Front. Microbiol. 7:571. doi: 10.
3389/fmicb.2016.00571
Goonasekera, C. S., Jack, K. S., Cooper-White, J. J., and Grøndahl, L. (2016).
Dispersion of hydroxyapatite nanoparticles in solution and in polycaprolactone
composite scaﬀolds. J. Mater.Chem. B 4, 409–421. doi: 10.1039/C5TB0
2255J
Gritsch, L., Maqbool, M., Mourin, V., Ciraldo, F. E., Cresswell, M., Jackson,
P. R., et al. (2019). Chitosan/hydroxyapatite composite bone tissue engineering
scaﬀolds with dual and decoupled therapeutic ion delivery: copper and
strontium. J. Mater. Chem. B 7, 6109–6124. doi: 10.1039/C9TB00897G
Grøndahl, L., Jack, K., and Goonasekera, C. S. (2017). “Composite materials for bone
repair,” in Biomedical Composites, Second Edn, Ed. L. Ambrosio (Cambridge:
Woodhead Publishing Limited), 101–126.
Hasan, A., Byambaa, B., Morshed, M., Cheikh, M. I., Shakoor, R. A., Mustafy, T.,
et al. (2018). Advances in osteobiologic materials for bone substitutes. J. Tissue
Eng. Regen. Med. 12, 1448–1468. doi: 10.1002/term.2677
He, L., Li, H., Chen, X., Xu, T., Sun, T., Huang, H., et al. (2019).
Selenium-substituted hydroxyapatite particles with regulated microstructures
for osteogenic diﬀerentiation and anti-tumor eﬀects. Ceram. Int. 45, 13787–
13798. doi: 10.1016/j.ceramint.2019.04.075

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

15

April 2021 | Volume 9 | Article 647007

Marcello et al.

Antibacterial Composite Materials

Suchitra, M. (2004). Thermal analysis of composites using DSC. Advanced Topics
in Characterization of Composites 11–33.
Thomas, M. V., and Puleo, D. A. (2011). Infection, inﬂammation, and bone
regeneration: a paradoxical relationship. J. Dent. Res. 90, 1052–1061. doi: 10.
1177/0022034510393967
Turner, R. J., Weiner, J. H., and Taylor, D. E. (1998). Selenium metabolism in
Escherichia coli. BioMetals 11, 223–227. doi: 10.1023/a:1009290213301
Ural, E., Kesenci, K., Fambri, L., Migliaresi, C., and Piskin, E. (2000). Poly(D,Lcactide/ε-caprolactone)/hydroxyapatite composites. Biomaterials 21, 2147–
2154. doi: 10.1016/S0142-9612(00)00098-3Get
Uskokovic, V., Iyer, M., and Wu, V. M. (2017). One ion to rule them all: combined
antibacterial, osteoinductive and anticancer properties of selenite- incorporated
hydroxyapatite. J. Mater. Chem. B 25, 1032–1057. doi: 10.1039/C6TB03387C
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