
1. Introduction
Biodegradable polymers, which are harmless to the
environment, have attracted the attention of many re-
searchers. They are increasingly used in all fields of
medicine, especially in applications where bio -
degradability provides an advantage for the human
body. The most widely studied and well-known bio -
degradable polymers are polyhydroxyalkanoates
(PHAs), Poly(lactic acid) PLA, and starch [1–3].
PHAs are a big family of biodegradable and biocom-
patible microbial biopolyesters from renewable re-
sources [4]. The first PHA identified by the French

bacteriologist Maurice Lemoigne in 1926 was poly-
hydroxybutyrate (PHB) [5]. The most important fea-
tures of PHB are its biocompatibility in all environ-
ments and its biodegradability. A standard component
of human blood is 3-hydroxybutyric acid (3HB), and
PHB decomposes into 3HB [6–8]. This proves that
the PHB is highly biocompatible and non-toxic. Re-
cently, the number of in vivo and in vitro studies on
PHB has increased. It was shown that by increasing
calcium flow in cultured cells, 3HB molecules sup-
press cell death and prevent serum withdrawal-in-
duced apoptosis [8]. PHB-based biomaterials are
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piezoelectric that can improve bone growth in vivo
[8]. It has been observed that PHB is compatible with
cells such as epithelium, osteoblast, bone tissue, and
blood [9]. Some applications of PHB in biomedical
and tissue engineering are drug delivery systems, car-
diovascular devices, heart valves, and nerve cuffs, but
the difficulty of processing PHB limits its application.
To overcome its disadvantages, PHB copolymers can
be synthesized with other hydroxyalkanoate mono -
mers, mixtures containing another biopolymer can be
prepared, or a PHB-based block can be synthesized.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate,
PHBV) copolymer is synthesized by the incorporation
of 3-hydroxyvalerate (3HV) monomer components of
various molar ratios into the 3-hydroxybutyrate (3HB)
polymer chain. Some of the shortcomings of PHB im-
prove with the incorporation of 3HV. PHBV has lower
melting temperature, stiffness, elasticity modulus, and
higher impact strength than PHB [10]. Thus, studies
on the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
copolymer (PHBV) for biomedical applications have
increased. PHBV is obtained by the copolymerization
of hydroxybutyrate and hydroxyvalerate. PHBV con-
sists of 0 to 24% hydroxyvalerate (HV) units and hy-
droxybutyrate (HB) units that appear randomly along
the polymer chain. PHBV can promote bone growth
in vivo due to its degradable, biocompatible, and
piezoelectric properties [11, 12]. The properties such
as biodegradability and biocompatibility are sufficient
for use in PHBV cell culture [13]. It is known that the
degradation time of PHBV is longer when compared
to other biocompatible polymers [14, 15]. In studies
in mice and rats, PHBV was found to be minimally
inflammatory in long-term subcutaneous implant ap-
plications [15]. Studies show that PHBV is a promis-
ing polymer in long-term bone regeneration applica-
tions [14]. With the degradation of PHB and PHBV
polymers, products that are standard components of
human blood are formed, so they give less inflamma-
tory response to the human body than other polymers
[16]. The degradation rate of PHBV increases with in-
creasing pH. Hydrolysis of PHBV is slow in the neu-
tral medium at body temperature. At the same tem-
perature and pH, the in vitro hydrolysis rate is lower
than in vivo degradation rate of PHBV [14]. The
degradation rates of PHBV and cell/PHBV structures
capable of producing neo-cartilage in a heterotopic re-
gion continue to be investigated [17]. Therefore, using
PHBV as a matrix phase in composite materials is sig-
nificant potential.

The contribution of nanoscale ceramic fillers in bio -
degradable polymers to medical applications is un-
deniable, as they show excellent improvements in
material properties, even in low amounts. The most
similar ceramic fillers to the mineral part of the bone
are hydroxyapatite (Ca10(PO4)6(OH)2), which ex-
hibits high biocompatibility, bioactivity, osteocon-
ductivity, and an affinity for biopolymers. Therefore,
it can be used to repair hard tissues [18].
Synthetic hydroxyapatite (HAP) used in biomedical
applications has poor toughness, a low in vivo degra-
dation rate, and low mechanical strength. The fact that
synthetic HAP has these disadvantages limits its ap-
plications. When human bone is examined, it has been
observed to contain very few ionic additives such as
Si4+, F−, and Sr2+ in its structure. Since ions such as
Si and Sr are in natural bone tissues, they were con-
sidered dopants and were thought to benefit the bio-
logical response of osteoblasts [19, 20]. The main in-
organic mineral of bones is hydroxyapatite, doped
with various trace elements [19, 20]. The solubility,
morphology, surface properties, and particle size of
HAP are affected by ion doping in HAP. Ion dopants
can also affect the biological activity of HAP. Silicon,
which requires small amounts of Si, is found in many
animal organs. In the case of Si deficiency, bone and
joint diseases are observed. HAP doped with Si can
be used in bone repair by improving the functionality
of traditional biomaterials [19]. Studies on Si-doped
HAP have shown that the crystallinity of Si-doped
HAP and the amount of amorphous phase can be af-
fected by high Si-doping content [19]. The expected
properties of Si-doped HAP are that it is both biocom-
patible and has a bone formation-supporting effect
[21]. In the literature, in studies with Si-doped HAP
materials, cell adhesion and proliferation increase in
vitro [22]. Si-doped HAP was found to be better bio-
compatible than undoped HAP when the growth of
osteoblastic cells was evaluated [23]. In vitro, os-
teogenic-related gene expressions in human bone
marrow cells can be up-regulated by Si-doped HAP
[24]. Apatite formation was evaluated by applying Si-
doped HAP to the simulated body fluid. Using Si-
doped HAP, the appearance of the apatite layer on the
surface was significantly improved [25].
PLA, PHB, and PHBV composites with hydroxyap-
atite have been studied by many researchers. PLA/
HAP biocomposite recommended for medical appli-
cations has been considered a good alternative to pro-
duce bone graft substitutes. Hydroxyapatite, which
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has properties close to the structure of bone, has been
used to strengthen poly-1-lactic acid (PLA), which is
used in many orthopedic applications [26, 27]. The
study of Russias et al. [26] aimed to combine HAP’s
bioactivity and mechanical properties with the ab-
sorbability of PLA. As a result of the degradation of
pure PLA implants in the body, the amount of inter-
mediate acidic products that cause negative inflam-
matory responses could increase. The addition of
HAP may help as a solution to this problem. in vitro
degradation in body fluid was investigated with PLA/
HAP composite by simulating the factors controlling
the final properties [26]. It has been found that PHB/
HAP composites can be used for rapid bone healing
and new bone formation [28]. The biocompatibility
of the nanocomposite of PHB with hydroxyapatite is
an important area of study [9]. Differentiation was
observed in PHB composites with the change in the
amount of hydroxyapatite in the composite [29]. The
efficiency of a biomaterial depends on the additive’s
ability to interact with cells, but there is not much
data on interaction for the PHB/HAP nanocomposite
[30]. In the study of Yuan et al. [31], nanoscale hy-
droxyapatite was incorporated into poly(hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) polymer, and
a composite was obtained by solvent casting method.
Homogeneous dispersion of HAP nanoparticles on
the composite films and good bonding to the polymer
was achieved. It has been observed that the ability to
adsorb human fibrinogen can be improved with the
obtained composite. PHBV/ HAP composites were
prepared by solvent casting [32]. The material bioac-
tivity increased, and higher glass transition was ob-
tained due to the reinforcement effect of HAP. PHBV/
HAP films were produced by surface-treated HAP
[33]. The results showed that surface treatment led to
higher tensile force. Sadat-Shojai et al. [8] prepared
PHB/HAP composite by solution casting method. It
was observed that HAP strongly affects cell growth
and proliferation, enhancing metabolic activity. Öner
and İlhan [34] prepared PHBV/HAP composite using
the melt extrusion method. The highest tensile prop-
erties were obtained for 5 wt% surface-treated HAP
loading.
This research aimed to develop and characterize a
novel biocomposite using polyhydroxybutyrate-co-
valerate (PHBV) and Si-doped HAP for potential
medical applications. To the best of our knowledge,
the effect of Si-doped HAP on the properties of

PHBV composite has not yet been reported. The bio-
composites were prepared using melt extrusion. The
composites’ physical, thermal, dynamic mechanical,
and bioactivity were characterized as a function of
the Si-doped loading. This study demonstrates that
preparing PHBV composites with Si-doped HAP
significantly promotes dynamic mechanical proper-
ties and bioactivity.

2. Experimental
2.1. Materials
Under the brand name MAJ’ECO FN000HA, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate, or PHBV),
with an 8 mol% hydroxyvalerate content, was ob-
tained from ADmajoris Company, France. Hydrox-
yapatite (HAP) doped with 5% of silicon (SiHAP)
was purchased from Sigma-Aldrich Chemicals (St.
Louis, USA) (surface area 10–15 m2/g; particle size
<200 nm). The human osteoblastic osteosarcoma
(SaOs-2) cell line was purchased from American
Type Culture Collection (ATCC). 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and 4′,6-diamidine-2′-phenylindole dihydrochloride
(DAPI) were purchased from Sigma-Aldrich Chem-
icals (St. Louis, USA). Dulbecco’s modified eagle’s
medium and Fetal Bovine Serum were purchased
from Gibco Life Technologies (Paisley, UK). Peni-
cillin/streptomycin was purchased from Capricorn
Scientific (Ebsdorfergrund, Germany).

2.2. Composite preparation
In this work, an extruder was used to prepare
PHBV/SiHAP composites. All materials used were
dried at 50 °C in a vacuum oven before use. The de-
sired concentrations of SiHAP were added to PHBV
in a twin-screw extruder (Rondol Microlab England;
L/D: 20). From the feed section to the endpoint, the
extruder applied temperatures at 90–135–160–160–
150°C while operating at a screw speed of 80 ppm.
Unfilled PHBV was also melt-processed under the
same conditions to prepare a reference material. The
PHBV nanocomposites films were then compression
molded into 0.75 mm thick with a hot-cold press ma-
chine (Gülnar Makine, Turkey). The obtained com-
posite samples were coded as PHBV-SiHAPX. The
number X in the sample represents the percent by
weight of SiHAP in the composite. Example, sample
PHBV-SiHAP0.5 shows the sample obtained in the
presence of 0.5% SiHAP.
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2.3. Scanning electron microscopy
Scanning electron microscopy (SEM) was per-
formed using an FEI-Philips XL 30 ESEM-FEG
(Thermo Fisher Scientific, Nederlands) scanning
electron microscope at an accelerating voltage of
5 kV. Composite samples that had been cryogenical-
ly broken were attached to typical SEM stubs and
were coated in gold to reduce the sample’s charge
inside the instrument.

2.4. X-ray diffaraction pattern
X-ray diffraction (XRD) measurement with Cu Kα
source (λ = 0.15418 nm) was performed at 40 kV and
20 mA using the X’Pert Pro (Philips diffractometer,
PANalytical, Denver, Colorado) device. The patterns
were recorded for a 2θ range from 4 to 80°. The
Scherrer equation is used to determine the crystal size.

2.5. Thermal analysis
A Perkin Elmer TGA analyzer (USA) was used to
perform thermogravimetric analysis (TGA) meas-
urements on samples weighing around 10 mg. Each
sample was heated at a rate of 10°C/min under ni-
trogen at a flow rate of 10 ml/min as the temperature
ranged from ambient to 600°C.

2.6. Fourier transformation infrared
spectroscopy

To compare the variation in the functional group of
the neat PHBV and its composites, a Bruker ALPHA-
P Fourier transformation infrared spectroscope
(FTIR, Bruker, Toronto, Canada) was used in trans-
mittance mode at wavelengths ranging from 500 to
4000 cm–1.

2.7. Dynamic mechanical analysis of samples
Dynamic mechanical analysis (DMA) was performed
using the Perkin-Elmer DMA8000 (PerkinElmer,
USA). The dynamic characteristics of samples were
examined in single cantilever mode at 1 Hz using
film extension mode in the temperature range of 
–30 to 150°C at a heating rate of 2 °C/min. The test
samples were 10.40 mm × 10 mm in size. The test-
ing involved determining and recording the storage
modulus E′, loss modulus E″, and tanδ = E″/E′ values
vs. temperature.

2.8. Cell cultivation
Human osteoblastic osteosarcoma (SaOs-2) cells were
cultivated in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37°C in an
incubator enriched by 5% CO2. The culture medium
was refreshed every two days.

2.9. Scaffold sterilization and preparation for
cell culture

Before use in cell culture studies, scaffolds were cut
into several squares with dimensions of 5 mm ×
5 mm. For sterilization, scaffold pieces were treated
with 70% ethanol solution for 30 minutes. After that,
scaffold pieces were irradiated with UV light
overnight. After sterilization, scaffolds were trans-
ferred into test tubes containing 3 ml DMEM medium
supplemented with 10% FBS. Then test tubes were
incubated at 37°C for 48 hours. Due to the scope of
the extraction method, medium supernatants were col-
lected and used for further cytotoxicity investigation.

2.10. MTT assay
To measure cell viability rates of osteoblast cells after
treatment with scaffold extracts, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT
assay) was used. Briefly, 1·104 osteoblast cells with
a final volume of 100 µl were transferred into each
well of the 96 well microplate and incubated at 37°C
overnight. After incubation, 10 µl of scaffold extracts
were included in each well. The wells that were not
exposed to extracts were used as the control. After
that, microplates were incubated at 37°C for 96 hours.
After incubation, 10 µl of MTT solution (10 mg/ml)
dissolved in phosphate buffer solution (PBS) was
added to each well of the microplates. Then micro -
plates were left to incubate for 4 hours. Afterward,
formazan crystals in each well were dissolved with
the addition of 100 µl dimethyl sulfoxide (DMSO).
Then plates were left to incubate at room tempera-
ture in the dark. Finally, the absorbance of each well
was read in an ELISA reader at 570 nm. By compar-
ison of absorbance values in control and test groups,
cell viability ratios were evaluated following expo-
sure to tissue scaffolds.

2.11. DAPI staining
To determine the biocompatibility of scaffolds, the
DAPI staining method was used. For that purpose,
sterilized scaffolds were inserted into each well of
the 24 well plate and seeded with 1·104 osteoblast
cells. For a week, the plates were incubated at 37°C.
Every two days, the medium was renewed. Cells
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were fixed with 4% paraformaldehyde for 10 min-
utes after incubation, and they were then washed
with PBS. Finally, cells and scaffolds were exposed
to DAPI stain for 20 minutes. After exposure, cell-
seeded scaffolds were washed with PBS twice, and
cell attachment was considered by using a fluores-
cent microscope.

3. Results and discussion
3.1. Morphological characterization of

particles and composites
To assess the morphology of SiHAP particles, scan-
ning electron microscopy (SEM) was used, and their
micrograph is presented in Figure 1. Through SEM
investigation of 210 particles, the distribution of
spherical dimensions was determined (Figure 1b).
Each distribution curve was fitted using a Gaussian
distribution function. The distribution curve appears
to have two peaks in the SEM results for these crys-
tals, which demonstrate two size ranges. (Figure 1b).
As observed in the particle histogram, most of the
uniform spherical SiHAP nanoparticles presented di-
ameter sizes between 35 and 75 nm, with an average
diameter of 55 nm. The average diameter of the par-
ticles in the second peak, which has a large particle
distribution, is about 470 nm.
The melt-processing method was used to prepare
PHBV/SiHAP composites. This method does not in-
volve solvent in the process. So, it is greener com-
pared to the solvent casting method. The morphology
of the cryo-fractured surface of PHBV and respective
composites was examined by scanning electron mi-
croscopy (SEM) to investigate the dispersion of the
SiHAP particles in the polymer matrix. Figure 2 illus-
trates the composites at 10000× magnification. SEM
pictures reveal spherical nanoparticles randomly and

well distributed within the PHBV matrix at 0.5%
SiHAP loadings. However, it can be observed that as
the nanofillers content increases, the SiHAP nanopar-
ticle dispersion is poorer and has a higher tendency
toward aggregation. Therefore, the samples contain-
ing 2 and 3 wt% loading (Figures 2b and 2c) showed
a biopolymer matrix with filler aggregates of SiHAP.
The morphological examination reveals that low con-
centrations of HAP in PHBV disperse as single parti-
cles, but both single particles and tiny clusters appear
at greater loadings. This could result from the filler-
matrix interface having high surface tension, which
results in poor interactions between the polymer and
SiHAP particles. Another explanation might be that
the extrusion procedure failed to sufficiently break
down the HAP aggregate during melt compounding.

3.2. XRD results
In Figure 3a, the XRD pattern shows crystallographic
structures of Si-doped HAP particles. Compared to
the JCPDS 98-028-9993 standards, each peak of the
patterns in Figure 3a corresponds to the hydroxyap-
atite phase. It has a hexagonal crystal system. The
unit cell dimensions are a = 9.4330 Å, b = 9.4330 Å,
and c = 6.8960 Å, respectively. There are no addi-
tional peaks in the Si-doped HAP patterns compared
to the peaks of standard HAP. The silicon-doped HAP
samples were prepared using the hydro thermal
method [19]. They found that Si doping did not pro-
duce a new phase apart from the hydroxyapatite
phase. In this work, the characteristic peaks appear
at 22.6, 25.6, 30.4, 32.7, 33.6, 39.7, 46.2, 49.1, and
52.8°, corresponding to diffraction planes including
(111), (002), (211), (300), (202), (310), (222), (213)
and (004) of hydroxyapatite. Three planes (211),
(300), and (202) are significant peaks of HAP.

M. Öner et al. – Express Polymer Letters Vol.17, No.4 (2023) 417–433

421

Figure 1. SEM photograph of a) SiHAP and b) particle size distribution of SiHAP.



Figure 3b displays the XRD spectra of the compos-
ites and neat PHBV. Neat PHBV characteristic
peaks at 2θ = 13.3, 16.7, 19.9, 21.2, 25.4, 26.7, and
29.8° correspond to (020), (110), (021), (101),
(121), (040) and (002) planes with an orthorhombic
lattice [35, 36]. The structure of the polymer corre-
sponds to the usual α-form described for P3HB [37].
The same characteristic reflections of the PHBV,
which provide detailed information about its crystal
structure, were observed after incorporating SiHAP.

This result indicates that the particles did not alter
the crystalline structure of the polymer. However,
after the addition of SiHAP, the intensity of the
PHBV peaks becomes stronger and sharper when
compared to the neat PHBV matrix, even in the
form of agglomerates at higher concentrations, at-
tributed to SiHAP incorporation, which acts as a nu-
cleating agent tends to increase the ordering level
of PHBV molecular chains and to facilitate the crys-
tallization of PHBV, as observed by other researchers.
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Figure 2. SEM photograph of composites a) PHBV-SiHAP0.5, b) PHBV-SiHAP2.0 and c) PHBV-SiHAP3.0.

Figure 3. The X-ray diffraction pattern of the a) SiHAP and b) PHBV-SiHAP composites.



In previous studies, PHBV composites using bacte-
rial cellulose [38], boron nitride particles [39], and
nanocellulose fillers [40] have all shown a similar
effect.
This difference can be explained by analyzing the in-
tensity ratio of the planes (020)/(021), (020)/(101),
and (020)/(040) (Table 1). For (020)/(021) planes, the
relative intensity ratio of the neat PHBV was 8.56, but
for PHBV-SiHAP0.5 and PHBV-SiHAP3 nanocom-
posites, it was 10.00 and 17.09, respectively. The in-
crease in the relative ratio suggests that the presence
of SiHAP particles enhanced crystal formation in the
(020) crystal plane. This phenomenon was previously
observed by other researchers for PHBV-graphene
nanocomposites [41], PHBV-functionalized cellulose
nanocrystal composites [42], and PHBV-Boron nitride
composites [39]. On the other hand, the intensity ratio
of the (020)/(040) decreases from 1.82 to 0.57 for neat
PHBV and PHBV-SiHAP3, respectively. The de-
crease in the (020/040) relative ratio suggests that, de-
spite an increase in both peak intensities due to the ad-
dition of SiHAP, the peak intensity of the (040) peak
increases more than the intensity of the (020) peak.
The incorporation of SiHAP produced sharper peaks
for the (020), (021), and (101) PHBV reflections
compared to neat PHBV. The crystallite size dimen-
sion L020 [nm] was determined using the Scherrer
formula for the direction normal to the hkl plane
(Equation (1)):

(1)

where L(020) indicates the average crystallite size in
nanometers, k for the shape constant, and B for the
diffraction line’s broadening as measured at 50% of
its highest intensity. B is the diffraction peak under
consideration’s full width at half maximum intensity
(FWHM). When FWHM is utilized for B, the shape
factor k becomes 0.9. λ is the X-ray wavelength, and
θ is the Bragg diffraction angle.
Table 1 shows the effect of SiHAP on the crystalline
lamellae size for the (020) reflection and the crys-
tallinity index. The Equation (2) was used to obtain

the crystallinity index (CI [%]) values for samples
based on XRD measurements [43, 44]:

(2)

where I(020) is the intensity of the diffraction peak of
the (020) plane, peak at 2θ = 13.3°, and ITotal is the
total intensity value of all crystalline peaks of PHBV.
The crystallite size L [nm] calculated for the (020)
reflection peak and crystallinity index value was
20.32 nm and 44.70% for neat PHBV, respectively.
Addition of SiHAP, both crystallinity and crystal di-
mensions were increased significantly and varied
with SiHAP content. The composites showed higher
crystallinity and crystal sizes. The crystallite size and
crystallinity values were 35.19 nm and 71.87% for
PHBV-SiHAP3 nanocomposites, respectively.

3.3. FTIR results
FTIR spectra of the SiHAP crystals and neat PHBV
is given in Figure 4a. In the SiHAP spectrum, the
bands at 560 cm–1 represent the O–P–O bending
mode, and the band at 1036 cm–1 corresponds to
P–O stretching vibration. No additional peaks were
observed for Si-doped HAP. The exhibited peaks
also coincide with the structure of HAP, which sup-
ports the XRD patterns.
The FTIR transmittance (T) spectra of composites
are given in Figure 4b. PHBV composites exhibit the
same characteristics peak of neat PHBV. The absorp-
tion peaks at around 2977, 2928, and 2859 cm–1

could be assigned to –CH3 asymmetric stretching, 
–CH2 antisymmetric stretching, and –CH3 symmetric
stretching, respectively. The FTIR spectrum showed
the characteristic peaks at 1711 cm–1 (carbonyl group)
and 1170 cm–1 (C–O–C antisymmetric stretching).
The peak is observed at 1711 cm–1 due to the C=O
stretching vibration in the ester group of PHBV. The
peak around 1460 cm–1 indicates CH2 scissoring. The
peaks at 1268 and 1170 cm–1 may be assigned to
C–O–C stretching vibration. The peak in the range
of 821–972 cm–1 could be assigned to C–O–C sym-
metric stretching. CH2 wagging may be observed in
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Table 1. Values of L(020) [nm], intensity ratios, and CI [%] of composites obtained from the XRD scan.

Sample L(020)
[nm]

(020)/(021)
13.3/19.8

(020)/(101)
13.3/21.2

(020)/(040)
13.3/26.6

CI(020)
[%]

Neat PHBV 20.32 8.56 6.01 1.82 44.70
PHBV-SiHAP0.5 30.79 10.00 8.62 0.60 59.45
PHBV-SiHAP3.0 35.19 17.09 18.41 0.57 71.87



the field of 1128–1374 cm–1. Some of the character-
istic absorption peaks of SiHAP and the PHBV in the
composites overlap. Therefore, it was challenging to
demonstrate the distinct differences between PHBV
and PHBV-SiHAP composites by FTIR studies.
SiHAP has a strong absorption band at 560 cm–1 due
to the bending vibration of O–P–O bond (Figure 4a).
This band is also present at roughly the same loca-
tion in the spectra of PHBV-SiHAP nanocomposites,
and the intensity of the peak increases with the
SiHAP content of the composites (Figure 4c). This
result validated the inclusion of SiHAP nanoparticles
in the PHBV matrix.

3.4. TGA results
Thermogravimetric analyses (TGA) were carried out
to evaluate the effect of the addition of the SiHAP on
the thermal stability of PHBV nanocomposites. The
thermal degradation (TG) and derivative thermo-
gravimetric (DTA) curves of the neat polymer and
composites are shown in Figures 5, and representing
temperature is given in Table 2. TGA thermograms

show that neat PHBV and composites present one
single decomposition step profile. The decomposition
step occurs fast, starting at 271.1°C for neat polymer,
and completes at 297.5°C. The key findings are sum-
marized in Table 2 as the initial degradation temper-
ature (Ti), the degradation temperature T10 correspon-
ding to a mass loss of 10 wt%, the mid-point of
degradation (T50) recorded at a mass loss of 50 wt%,
and the maximum loss temperature (Tmax).
The initial (Ti) degradation temperatures of the PHBV
have not been affected by the addition of 0.5 wt%
SiHAP. However, the addition of 2 and 3 wt% SiHAP
gently moves the peak of the TGA curves to the left,
indicating that the addition of SiHAP in this concen-
tration decreases the thermal stability of PHBV.
Figure 5b shows the DTA curve, and the peak repre-
sents the temperature corresponding to the maximum
degradation rate (DTApeak). For neat PHBV, DTAmax
occurred at 287.9°C. However, the addition of SiHAP
shifted the DTAmax to a lower temperature. The DTA-
max for PHBV-SiHAP3 occurred at 274.2, which is
13.7°C lower than the neat PHBV.
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Figure 4. FTIR spectrum of a) SiHAP and neat PHBV at 400–4000 cm–1, b) PHBV-SiHAP composites, and c) PHBV-SiHAP
composites at 800–400 cm–1.



The reduction of Ti and Tmax values for PHBV was
previously reported in the literature for incorporation
of lignosulfonate [45], cellulose nanowhiskers [46],
lignin [47], nanohydroxyapatite (nHAP) and dia-
mond nanoparticles [48] and graphene nanosheets
[41, 49]. The possible reason for this effect was re-
ported as the high thermal conductivity of the parti-
cles, which enhanced the heat diffusion throughout
the material. Castro-Mayorga et al. [50] synthesized
ZnO particles by an aqueous precipitation method.
They used different methods to fabricate PHBV/ZnO
nanocomposites, including melt-mixing and electro-
spinning. Tmax value of PHBV was decreased by ZnO
particle addition, reducing the thermal stability. This
effect was attributed to ZnO’s high thermal conduc-
tivity and catalytic properties. Chen et al. [32] fab-
ricated the PHBV/HAP nanocomposite using the so-
lution casting method with strong ultrasonication.
The incorporation of nHAP resulted in the decom-
position of the polymer matrix at the initial stage. Ti
value for PHBV/ HAP (100/50) dropped by 5 °C
compared to that for the pure polymer. The compos-
ites of polylactide (PLA) or poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) were pre-
pared by extrusion and injection molding using ZnO
nanoparticles [51]. The results showed that the onset
and peak degradation temperature of PLA was shift-
ed towards lower temperatures with the increase of
ZnO concentration, while degradation of PHBV
showed no dependence on the ZnO concentration

[51]. Braga et al. [52] prepared PHBV-TiO2 com-
posites by using the electrospinning technique, to be
used as a scaffold. The decrease in the thermal
degradation temperature was observed in the pres-
ence of the nanoparticles. This observation was ex-
plained due to the presence of agglomerations of the
nanocomposites in the fiber; the interactions of the
PHBV with TiO2 were reduced and affected the ran-
dom chain scission reaction of PHBV during the
thermal degradation process [52]. The same argu-
ment can be considered in this work since SiHAP
particles tend to agglomerate, especially at high con-
centrations. The aggregation of SiHAP reduced the
bonding interactions between PHBV and nanoparti-
cles, thus weakening the thermal stability.

3.5. Dynamic mechanical analysis (DMA) of
composites

The mechanical properties of a polymer are strongly
influenced by temperature, which affects a decrease
in the material’s rigidity and an increase in its vis-
cous flow. These variations are reflected in the stor-
age modulus, loss modulus, and loss factor. All sam-
ples exhibited a typical behavior of semi-crystalline
polymer with a decrease in storage modulus by an
increasing temperature. The decline in storage mod-
ulus with temperature is due to the increased molec-
ular motion of the matrix molecules. As the temper-
ature rises, the lattice polymer chains can move
more freely, reducing the considerable stress within
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Figure 5. a) TGA and b) DTA curves of neat PHBV and PHBV-SiHAP nano biocomposites.

Table 2. TGA values of PHBV-SiHAP biocomposites.

Sample code Ti
[°C]

T10
[°C]

T50
[°C]

T90
[°C]

Tmax
[°C]

DTApeak
[°C]

Neat PHBV 271.14 277.29 284.56 291.28 297.53 287.90
PHBV-HAP0.5 270.37 274.43 279.44 286.82 294.93 283.60
PHBV -HAP2.0 266.28 269.81 273.17 279.25 286.58 276.20
PHBV -HAP3.0 265.24 268.07 271.21 278.04 283.76 274.20



the polymeric framework resulting in a decrease in
modulus.
The storage modulus values against the temperature
of PHBV composites are shown in Figure 6a com-
pared to neat PHBV. According to the dynamic me-
chanical analysis (DMA) results, SiHAP nanocrys-
tals affect the storage modulus of the PHBV overall
temperature ranges, as shown in Figure 6a. The
strongest reinforcing effect was observed for com-
posites of 0.5 wt% of SiHAP. Figure 6a shows that
at –20°C, the E′ of PHBV/SiHAP0.5 is 7.4 GPa as op-
posed to neat PHBV with an E′ of 3.9 GPa. For com-
parison, four temperature settings were used: –20°C
as an indicator of the glassy behavior, 20°C for room
temperature behavior, 37 °C for body temperature
behavior, and 80°C as an indicator of the high-tem-
perature behavior of the composite. At –20 °C, the
highest relative storage modulus increases were ob-
tained compared to the neat PHBV, corresponding
to 86, 64, and 42% for 0.5, 2, and 3 wt% SiHAP con-
tents, respectively. The storage modulus of neat PHBV
increases by 80% for PHBV-SiHAP0.5 at 20°C. At
37°C, the E′ of PHBV increased by 69% for PHBV-
SiHAP0.5. On the other hand, a 67% increase in the

storage modulus of PHBV is observed for the sample
containing 0.5 wt% SiHAP at 80 °C. The storage
modulus measures a material’s capability to store
mechanical energy without dissipating it and to with-
stand deformation. PHBV composites are more re-
sistant to deformation and, therefore, more rigid than
neat polymers. This mechanical reinforcement effect
was attributed mainly to the high stiffness and the
good affinity through interfacial interaction between
the biopolymeric matrix and SiHAP.
The loss modulus, E″, values of the PHBV and com-
posites as a function of temperature at 1 Hz are pre-
sented in Figure 6b. The variation’s trend was similar
to the E′ for loss modulus. This study observed that
the loss modulus of neat PHBV was lower than the
moduli of all composites, indicating that SiHAP im-
proves the composite materials’ damping and internal
friction properties. Figure 6b shows the increase in
loss modulus as the temperature rises from –30°C to
Tg due to molecular friction. The maximum increase
was observed with PHBV-SiHAP0.5 followed by
PHBV-SiHAP2 and PHBV-SiHAP3. Increased filler
loading improved the PHBV composites’ capacity to
dissipate energy, as indicated by the increase in the
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Figure 6. DMA thermographs for PHBV-SiHAP bionanocomposites show a) storage modulus, b) loss modulus, and c) tanδ.



E″. However, the loss modulus drops above glass
transition temperature (Tg) since less force is needed
to cause deformation.
Dynamic mechanical analysis is a valuable tool to de-
termine the material’s glass transition temperature,
typically taken as the peak of the tanδ curve generated
through a temperature ramp experiment. Figure 6c
shows the temperature-dependent loss tangent (tanδ)
values for the PHBV and composite materials. In
viscoelastic materials, internal friction is represented
by the loss tangent (tanδ), which is the ratio of the
loss modulus (E") to the storage modulus (E′). It is
an assessment of energy wasted that is expressed in
terms of energy recovered. The values of relaxation
temperatures connected to the glass transition tem-
perature were taken at the maximum of the peak of
the damping factor.
The neat and PHBV composites’ glass transition re-
gion is between 22–26 °C. The tan δ curve of the
composites (Figure 6c) showed that the Tg values de-
creased with the increase in filler loading. Tg of neat
PHBV decreases from 26 to 19°C by incorporating
3 wt% SiHAP.
Srithep et al. [53] prepared poly(3-hydroxybutyrate-
co-3-hydroxyvalerate, PHBV) and nanofibrillated
cellulose (NFC) nanocomposites by melt compound-
ing. Compared to neat PHBV at 25 °C, the storage
modulus for nanocomposite reinforced with 10 wt%
NFC increased by 28%. The composite’s glass tran-
sition temperature slightly increased with increasing
NFC. On the other hand, the relaxation process
strongly decreased with increasing NFC, which was
attributed to the limitation of chain mobility within
the polymer matrix. Chen and Wang [54] investigat-
ed PHBV/HAP and PHBV/tricalcium phosphate
(TCP) biocomposites. The elastic modulus of PHBV
at 30% particle loading is reinforced by 21.26 wt%
(TCP) and 37.17 wt% of HAP at 37°C. The addition
of bioceramic particles generally reduced tan δ for
both PHBV/HAP and PHBV/TCP composites [54].
PHBV nanocomposites were fabricated by incorpo-
rating nano-sized hydroxyapatite (nHAP) by a solu-
tion casting method [32]. The storage modulus of the
PHBV/HAP (100/30) nanocomposite was increased
by 41.2% at –50°C and 99.1% at 75°C at 1 Hz. The
neat and PHBV composites glass transition temper-
ature region was found between 17.1–17.6 °C at
1 Hz [32]. PHBV and purified alpha-cellulose fibers
were prepared by melt blending. No noticeable
changes in Tg values of the composites were found

for low cellulose content with respect to the neat
PHBV [55]. PLA nanocomposites were prepared
using surface-treated (mNHAP) and untreated
nanohydroxyapatite (mNHAP) [56]. Nanocompos-
ites prepared with surface-treated nanohydroxyap-
atite showed a significant decrease in Tg. They con-
cluded that reduced glass transition temperature is a
measure of poor interfacial adhesion between the
PLA matrix and mNHAP [56]. Mittal et al. [57] in-
vestigated the effect of talc and mica particles on the
properties of polypropylene. It was found that when
talc and mica loading increased, tan delta values de-
creased. This result was explained by the disruption
of the polymer chain packing due to the filling up of
the free volume of the polymer by talc and mica par-
ticles [57]. PHBV, nanodiamond (nD), and nanohy-
droxyapatite (nHAP) loaded with vancomycin (VC)
nanocomposites were prepared using a rotary evap-
orator (PHBV/nHAP/VC/nD-R) or spray drying
(PHBV/nHAP/VC/nD-SD) [48]. The storage mod-
ulus of the composites prepared by the rotary evapo-
rator increased by 51.7% at 37 °C, but Tg value de-
creased from 17 to 14.8 °C for neat polymer and
composite, respectively. This result was explained by
the agglomeration of nanoparticles. Since nano HAP
particles have the propensity to aggregate, particular-
ly at high concentrations, the same argument can be
taken into account in this work.

3.6. Screening of cytotoxicity
Biocompatibility is one of the most significant fea-
tures of biomaterials that are preferred used in tissue
engineering applications. Biomaterials are expected
to improve cell attachment, proliferation, and migra-
tion. Furthermore, tissue scaffolds should not demon-
strate cytotoxicity and prevent the generation of
toxic byproducts during degradation [58]. So, within
the context of the present study, we explored the pos-
sible interactions between osteoblast cells and syn-
thesized composites with variable compositions to
understand their probable utilities for biomedical ap-
plications. For biological activity experiments, we
primarily examined the cytotoxicity of prepared
composites.
To evaluate the cellular viability rates of osteoblasts
that were treated with neat PHBV and their compos-
ites derived with the addition of different values of
Si-doped HAP, the MTT method was used. Biocom-
posites were extracted within a culture medium for
48 hours, and extracts were applied on SaOs-2
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osteoblast cells for 96 hours before measurement of
cellular viability degrees. Figure 7 indicates the cel-
lular viability ratios of osteoblast cells after treatment
with extracts. As it is seen in Figure 7, neat PHBV
leads to a reduction in viability rates. It was detected
that PHBV treatment declined cellular viability at
40%. Only 60% of cells were alive after their expo-
sure to PHBV. On the other side, it was also exam-
ined from Figure 7 that the addition of SiHAP into
PHBV positively impacts their biocompatibilities
since cell vitalities are significantly augmented in
contrast to using PHBV alone. Interestingly, it was
discovered that there were proportional increases in
the numbers of cells according to increasing SiHAP
within the composites. The highest cellular viability
ratio was measured in the group prepared with 3 wt%
SiHAP. Approximately 92% cellular viability was
measured in the mentioned group. In contrast, to
control, the ratio of viable cells was counted as 72
and 84% in experimental groups prepared by 0.5 and
2 wt% SiHAP, respectively. These results revealed
that the toxic feature of PHBV could be reversed by
adding SiHAP with enhanced dosages. Numerous
studies detected that bioactivity and biocompatibility
features of PHBV scaffolds improved remarkably
when they were incorporated with other polymers to
generate composites. For instance, Degli Esposti, et
al. [59] synthesized several scaffolds, including
PHBV, PHBV-hydroxyapatite, PHBV-calcium sili-
cate, PHBV-bioglass to investigate their possible use
for bone tissue engineering. In cytotoxicity assay, re-
searchers determined that the use of a PHBV scaffold
decreased cellular viability rates of fibroblast cells
to 60%. It was also revealed that the use of combi-
nations of PHBV with bioactive inorganic particles
enhanced cellular viabilities significantly, in contrast

to the use of PHBV scaffold alone [59]. In another
study, Wu et al. [60] discovered that PHBV-bioglass
composite scaffolds were more effective in terms of
vascularization stimulation for bone tissue recovery
when compared with the use of PHBV scaffold. In
the scope of mentioned articles, the results of the
current study indicate that the PHBV scaffold de-
clined the cell viability rates. At the same time, com-
posites possessed better biocompatibility is consis-
tent with the previous research.

3.7. DAPI staining for determination of
biocompatibility

The biocompatibility features of synthesized nano -
biomaterials were also explored by visualizing the
attachment of cells onto variable composites. The
amounts of cells adhered to biomaterials were mon-
itored by DAPI staining. Figure 8 represents the mi-
croscopic views indicating the changes in the amounts
of fibroblast cells adhered to biocomposites. As ob-
served, the numbers of attached cells onto samples
were at the lowest degree in the group where we
used neat PHBV, suggesting that this biomaterial
possessed low biocompatibility. In contrast, the num-
bers of attached cells on samples remarkably lifted
when PHBV composites were prepared with differ-
ent concentrations of SiHAP. The highest biocom-
patibility property was detected in the group in which
the composite was prepared with SiHAP at a 3 wt%
concentration. When mentioned biocomposite was
applied, the numbers of attached cells on the com-
posite were seen at the highest level. These data
showed that the biocompatibility feature of PHBV
improved by adding SiHAP at enhanced concentra-
tions. These results are also coherent with the data
from cytotoxicity experiments. Both results decipher
that composites prepared by PHBV and SiHAP could
advance cells’ proliferation and migration abilities
while massively reducing the toxicity originating
from PHBV. Obtained results are also coherent with
the data acquired from previous articles. In a similar
study, Huang et al. [61] conjugated HAP nanoplates
with polylactide polymer and investigated the bio -
availability of newly synthesized nanocomposites for
bone tissue engineering. Authors exhibited that cell
proliferation rates of murine preosteoblast cell line
(MC3T3-E1) osteoblast cells decreased to 60% at
the end of 24 h incubation when polylactide polymer
was applied alone. On the other side, adding HAP
nanoparticles into the polymeric material enormously
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Figure 7. Cellular viability rates of osteoblast cells that were
exposed to different biomaterials for 96 hours.



lifted the cellular vitality degrees of osteoblasts fol-
lowing 24 h incubation. Additionally, high osteoblast
viability was evaluated in response to the scaffold
application, including increased nano-HAP concen-
trations. At all investigated time intervals, the num-
bers of osteoblasts were higher in the group in which
they were exposed to composites in comparison to
the use of polymer alone. In another experiment, re-
searchers accounted for the cell spreading over test-
ed scaffolds. Results showed that approximately
2 mm of scaffolds were covered with osteoblasts in
the group in which the composite included 15%
HAP. Moreover, it was also determined that the
numbers of cells that were adhered to scaffolds were
lower in the group in which polylactide was used
alone in contrast to the application of polymers in-
corporated with nano-HAP, according to fluores-
cence microscopy results. Suslu et al. [7] prepared

HAP-PHBV nanofibers as a biocomposite by elec-
trospinning technique in another research similar to
ours. They exhibited that these nanofibers, including
HAP, synthesized with different surfactants, exten-
sively ameliorated the osteoconductive feature of the
PHBV scaffold.
Bioactivity and biocompatibility features of SiHAP
were proven in previous studies. In one of them, Sun
et al. [19] combined HAP and silicone to prepare scaf-
folds for bone tissue engineering and examined the
bioactivity of prepared composites. Outputs showed
that adding silicone at various dosages did not influ-
ence the cytocompatibility properties of HAP, and
both HAP and HAP-silicone composites were found
biocompatible at variable concentrations ranging be-
tween 25 and 400 µg/ml.
This study is the first report indicating that PHBV-
SiHAP composites enhance cell proliferation and
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Figure 8. Morphological views of fibroblast cells that were seeded onto a) PHBV, b) PHBV-SiHAP0.5, c) PHBV-SiHAP
2.0, d) PHBV-SiHAP 3.0.



migration while decreasing the cytotoxicity of
PHBV. In light of this research, we proposed that
SiHAP-enriched PHBV could be a promising alter-
native for using biomedical applications.

4. Conclusions
PHBV reinforced with SiHAP nanocrystals was suc-
cessfully obtained by melt extrusion using different
amounts of particles (0.5, 2, and 3 wt%). We assessed
the physical, thermal, thermomechanical, and bio-
logical properties of the PHBV-SiHAP bionano -
composites. SiHAP nanoparticles increased the crys-
tallinity of the PHBV matrix, which was confirmed
by the XRD analysis. All nanocomposites exhibited
improved storage modulus with the addition of
SiHAP. The storage modulus of PHBV increases by
80% for PHBV-SiHAP0.5 HAP at 20°C. This result
may be related to the favorable interactions between
the polymer matrix and SiHAP that restrict the move-
ment of polymer chains. All these results showed
that Si-doped HAP is a very effective reinforcing
agent reaching a higher storage modulus with a con-
siderably lower fraction.
We found that the neat PHBV was not tolerable in
terms of toxicity since cellular viability rates were
assessed as 60% after using sample extracts. How-
ever, it was ascertained that adding SiHAP at en-
hanced concentrations led to noticeable improve-
ments in cellular viability ratios. It was detected that
cell viability rates reached 92% when composite in-
cluding PHBV and SiHAP 3 wt% were performed.
These data elicit absolute compatibility between
high cell viability rates and advanced SiHAP con-
centrations. It can be concluded that enrichment of
PHBV with increased SiHAP dosages could improve
the bioavailability of polymer.
DAPI staining experiments reflected that PHBV-
SiHAP composites ensured significant increases in
cell attachment, proliferation, and migration in com-
parison to PHBV polymeric scaffold. In addition, we
also established that proliferation and migration levels
of osteoblasts markedly augmented as a response to
advances in the concentrations of SiHAP within the
composites under fluorescence microscope images.
Obtained results in the present study reveal that
SiHAP reinforced PHBV composites were complete-
ly bioavailable and biocompatible. We suggest that

these novel composites that meet the mechanical
strength, bioactive, biocompatible, and non-toxic re-
quirements of biomaterials are promising biocom-
posites for biomedical applications.
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