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Abstract

The marine species are specially used for the fabrication of bioceramic nano-powders with natural methods for their use in con-
trolled drug delivery. However, there are only very limited studies regarding the production and synthesis of hydroxyapatite (HA)—
based drug delivery systems from marine structures. In this study, poly (vinyl alcohol) (PVA) containing Rifampicin (RIF)-loaded
Orange Spiny Oyster Seashell (Spondylus barbatus) hydroxyapatite (HA) composite is synthesized by an in situ ultrasound-assisted
method. All samples were analyzed by X-ray diffraction (XRD), Fourier transforms infrared (FTIR) spectroscopy, and Scanning
electron microscope (SEM), respectively. The in vitro drug release tests of the obtained samples were performed in a phosphate-
buffered medium (PBS) at 37 °C. Drug release was evaluated according to five varying kinetic models. In vitro RIF release from
HA/PVA composite in phosphate buffer (pH 7.4) showed prolonged sustained drug release. From the drug release kinetic models,
Higuchi and Korsmeyer—Peppas were found to be the best model for the three ratios based on the correlation coefficient. The dif-
fusion component is less than 0.5, which indicates quasi-fickian diffusion. From the kinetic study results, the RIF-loaded marine
phase composite has potential use in drug delivery applications as it shows positive sustained drug release behavior.
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Introduction

Orange Spiny Oyster (Fig. 1) which is also called a bearded
thorny oyster, lives along the Indo-West Pacific: from Indo-
nesia to the Philippines; north to Japan, and south to (Aus-
tralia). A seashell contains approximately 98% calcium car-
bonate. Lertcumfu et al. reported that hydroxyapatite (HA)
prepared from marine materials as a raw material has excel-
lent biocompatibility and bioactivity in vitro [1]. HA has a
wide variety of applications in orthopedics and dentistry,
because of its similarity to the components of human bone
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and teeth structures [2]. HA can be processed by a vari-
ety of chemical techniques (i.e., wet chemical, hydrother-
mal, solid-state reaction, sol—gel, and microwave methods)
[3]. It has been confirmed that hotplate stirring is the most
straightforward procedure for the production of HA from
calcite/aragonite powders [4]. HA is also produced from
bone or tooth dentin and enamel via the calcination method
[3]. Many seashell combinations have been studied for the
production of calcium phosphate materials. Also, there are
many studies on marine-originated materials, which prove
their osteoinductive properties and their biocompatibility
[4]. Biological apatite such as seashells [1, 4], animal bone
[5], and land snails [6], attract special attention due to the
substitutions at the OH, Ca®*, and PO43_ sites of HA, and the
presence of several trace elements can enhance the overall
biological performance of the biomaterial [7]. These trace
elements play a crucial role in the performance of hard tis-
sue. Also, it has been claimed that biological HA, due to its
similarity to bone apatite, leads to comparable or even better
overall properties and behavior than synthetic ones. Thus,
efficient and low-cost methods to obtain HA from natural
sources are gaining interest in the last years [8].
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Fig. 1 Image of Orange Spiny Oyster Seashell (Spondylus barbatus)

Recently, HA [Ca,y(PO,)¢(OH),] demonstrated essen-
tial for clinical applications and biomedical fields due to
its extraordinary features [3, 6, 9]. Thus, HA composites
or particles, including HA, have been selected recently
in controlled drug delivery studies [10]. In recent years,
the studies purposing to use ceramic/polymer materials as
drug carriers, have also gained prominence [11-13]. Poly
(vinyl alcohol) (PVA), which is a polymeric biomaterial,
has achieved popularity due to intrinsic non-toxic, good
biocompatibility, non-carcinogenicity, and desired physi-
cal properties [14]. It is widely used in the treatment of
defects in load-bearing joint applications, drug delivery,
and a scaffold supporting material for tissue engineering
[13]. PVA is water-soluble and a low-cost and biocompat-
ible polymer [15, 16]. In the literature, studies on the use
of HA-reinforced PVA nanocomposites have been lately
reported [17]. In this regard, a biocomposite material com-
posed of HA and PVA can enhance as carriers for drug
delivery owing to their unique biocompatibility, low pro-
duction cost, low toxicity, easily tunable physical-chemi-
cal properties, and others [18].

The drug release mechanism depends on many factors.
Therefore, it is significant to designate a release mecha-
nism before applying. Mathematical models are also used
for determining release kinetics. Besides, these models
can contribute optimization of the release process [19,
20]. Rifampicin (RIF) [molecular weight: 822.94 g/mol,
absorption max (pH 7.38): 237, 255, 334, 475 nm, soluble
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in methanol, slightly soluble in water] is a commonly used
classic antibiotic against Mycobacterium tuberculosis and
leprosy [21].

In this study, the oyster shell was synthesized by an in-
situ ultrasound-assisted and hot-plate method. For compari-
son, HA nanocomposites were prepared both in the presence
of PVA and in the absence of PVA. In addition, the interac-
tion between RIF and different nanocomposites (HA and
HA/PVA) was investigated. Then, the release of RIF from
the two types of nanocomposite supports was studied and
discussed. To predict and correlate the in vitro drug release
behavior from formulated various RIF-loaded nanocom-
posites, it is necessary to fit into a suitable mathematical
model. Drug release profiles were evaluated according to
five different kinetic models (Korsmeyer-Peppas, Hixson-
Crowell, zero order, first order, and Higuchi). It is very
important to know how to use these equations to understand
the different factors that affect the release velocity and how
the dissolution behaviors can vary and influence the effi-
ciency or the therapeutic regimen of patients. The concept,
definitions, and physicochemical properties involved in each
model are discussed and the equations are reported. The
major aims of this research are twofold: (i) optimization of
and biocompatible of a PVA nanocomposite reinforced by
HA derived from Orange Spiny Oyster Seashell (Fig. 1) as
an effective carrier of the drug therapy in future studies; and
(ii) the development of an in vitro kinetic model for drug
release about the synthesis method and PVA effect.

Materials and methods
Materials

PVA (Mw = 89,000-98,000, 99% hydrolyzed), and RIF were
purchased from Sigma Aldrich USA. Orthophosphoric acid,
PBS (phosphate buffer solution) (pH 7.4: 0.1 M) was pur-
chased from Merck. Orange Spiny Oyster Seashells were
collected from a local shop in Istanbul, Turkey. All other
chemicals and solvents were of analytical grade. Double
distilled water was used for rinsing and preparing solutions
in the study.

Preparation of nanocomposites
Preparation of HA from Orange Spiny Oyster Seashell

First, the empty seashells were washed several times under
tap water and dried to get rid of all possible rock, sand,
and mussel fragments. It was then milled into fine particles
in a porcelain mortar. The milled powder was sifted using
a 100 um sieve. The same production method used in our
previous studies was carried out [4, 9]. 1 g of powder was
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suspended in a certain volume of a water-filled beaker [3].
The solutions were placed on an ultrasonic bath at 80 °C for
15 min and, then according to the results of thermal analy-
sis, the required volume of H,PO, was calculated to set the
stoichiometric molar ratio of Ca/P=1.67 of HA, and later
H;PO, was added to the solution. To complete the reaction,
the system was placed in an ultrasonic bath at 80 °C for
2 h. Afterward, the same procedure was carried out for the
hot-plate method. The obtained solution was kept overnight
at 25 °C, then centrifuged; a washing step was carried out
with distilled water (several times to remove organic matter)
and dried in a vacuum oven at 100 °C for 24 h to evaporate
the liquid part and the resultant dried sediments were col-
lected [5].

Preparation of HA/PVA, HA/RIF and HA/PVA/RIF
nanocomposites

The synthesis of HA nanocomposites was performed
in situ in the presence of PVA, and for comparison, pure
HA was produced in the absence of PVA with the same
method. The preparation of HA nanocomposites in the
presence of polymer was followed as 1 g of crude pow-
der was slowly added to the polymer (1% PVA; 250 mg
/25 mL) solution; in the preparation of HA/RIF nanocom-
posite: 1 g of the raw powder was slowly added to RIF
(25 mg/25 ml) solution; in the preparation of HA/PVA/
RIF nanocomposite: 1 g of the raw powder was slowly
added to polymer (1% PVA; 250 mg/25 mL) and RIF
(25 mg/25 mL) solution and all samples were stirred in an
ultrasonic bath at 80° C for 15 min. The equivalent amount
of H,PO, solution was added drop by drop into all solu-
tions. The obtained solutions with and without biopolymer
were kept overnight at 25 °C, then centrifuged, washed
with distilled water, and dried in a vacuum furnace at
100 °C for 24 h [5].

Characterization of nanocomposites

XRD analysis was carried out by Bruker AXS D8 Advance
system (Bruker, USA), equipped with a copper radiation
source (Cu Ka, A=1.5418 A) in the step-scanning mode.
The XRD patterns were recorded in the 26 range of 10-80°,
with a step size of 0.02 and step duration of 0.5 s. Chemi-
cal interaction was investigated using a Fourier-transformed
infrared (FT-IR) spectrometer (Jasco FT / IR-4700). The
measurements were taken at an average resolution of 4 cm™!
and 4000-450 cm. The morphology of the biocomposite
material before and after drug release was examined by
scanning electron microscopy (SEM) (EVA MA 10, ZEISS,
USA). The determination of the exact CaCOj; content was
made using DSC-DTA-TG equipment (TA SDTQ600
Protherm).

In vitro drug release experiments
Release of RIF from nanocomposites

To study the drug release kinetics, RIF-loaded nanocom-
posites (HA/RIF, HA/PVA/RIF) were weighed at 10 mg
each (containing 0.25 mg RIF) and then, immersed in a
2 mL of PBS (pH 7.4 at 37 °C) with a constant stirring rate
(200 rpm) for a period of 8 h in the orbital shaker-incubator
(BIOSAN ES-20). At the defined time intervals (15, 30, 45,
60, 90, 120, 180, 240, 300, 360, 420, and 480 min) PBS was
removed from each sample, and 2 mL of PBS was added
again to continue the release test. UV spectroscopy (Shi-
madzu UV-1601) was used for monitoring the RIF releasing
profile at 335 nm and 475 nm. The accumulated release of
RIF was evaluated using the calibration graph of a standard
RIF. The concentration ranges of RIF were 0.025-0.400 pg/
mL. The calibration equation for RIF is y=0.3032x +0.003;
2=0.9999 (for 335 nm), y =0.1744x 4+ 0.0008; r*=0.9999
(for 475 nm) (Supplementary information, Fig. S1, S2).
Each test was repeated three times during the study.

Adsorption of RIF onto HA/PVA nanocomposite

100 mg HA/PVA nanocomposite powder was added to
5 mL RIF solution (5 mg/5 mL). The solution was stirred
at 200 rpm/min in the orbital shaker incubator (BIOSAN
ES-20) at ambient temperature (25 °C) for 24 h. Afterward,
the sample was removed from the solutions. To study the
drug release kinetics, measurements were performed using
the same procedure as explained above.

All measurements were repeated three times. The mass
change (M) was calculated according to the following
formula:

M(%) = ME=MO

100
where M, and M, are the mass of the sample before and
after immersion in PBS, respectively.

Results and discussion
Characterization of nanocomposites

Figure 2 has shown the DSC-DTA-TG results of the raw
powders. The decomposition of CaCO; to CaO was
obtained in the curve. This curve approves that the shell
consists of CaCO3. Thus, the calculation of the amount of
H;PO; solution is required to satisfy the demanded Ca/P
ratios as possible. In Fig. 3 (bottom), the XRD pattern of
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Fig.2 DSC-DTA-TG analysis 100 0
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Fig.3 X-ray diffractograms of HA samples

raw seashell powders is indicated. On the pattern, the main
phase is a calcium carbonate that is aragonite (JCPDS card
no: 00-076-0606) and calcite (JCPDS card no: 00-005-
0586) [22]. It is seen that most of the aragonite structure
had changed to HA or monetite (CaHPO,) [23]. The XRD
patterns of the samples which were produced from seashells
are demonstrated in Fig. 3. In addition, XRD patterns of
the samples produced by hot plate and ultrasonic method
are included in Fig. 3. Figure 3 (mid) contains most of the
hydroxyapatite peaks (JCPDS card number: 98—-005-2689).
Additionally, it is also detected that there are other phases
such as monetite (JCPDS card no: 98-000-5429) [7]. It is
already known that monetite also quickly transforms to TCP
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all of the samples [25]. Since the samples were not sintered
before FTIR analysis, the OH stretching mode at 3569 cm™!
was partially hidden by the water band between 2500 and
3800 cm™!. These spectra are in agreement with the obtained
XRD results. Figure 4(e) shows characteristic infrared bands
of PVA polymer. The comparison of the FT-IR spectrum
for the HA particles synthesized in the presence of polymer
(Fig. 4(g)) with the spectra shown in Fig. 4(d) and (e) shows
that there is a decrease in the intensity of the absorption
bands associated with the OH suggesting the contribution
from the similar groups in the PVA polymer [17]. Figure 4(f)
shows characteristic peaks of RIF, at 3305 (-OH stretching),
2917 (-CHj stretching), 1735 (C=0 carbonyl stretching),
1250 (C—0-C), and 895 cm™' [26]. The FT-IR spectrum
of HA/PVA/RIF (Fig. 4(f)) and the spectrum of HA/PVA
shown in Fig. 4(g) were compared, it was seen that the char-
acteristic RIF peaks disappeared. This could be due to the
overlapping of the drug by the presence of excess carriers.
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Figure 5 and Fig. 6 represent the SEM micrographs of
HA nanocomposites prepared in the presence and absence
of PVA. Overall morphology for HA nanocomposites shows
the regular distribution of spherical and rice-formed nano-
particles [5]. HA-PVA nanocomposite reveals a porous
microstructure with mineral and polymer phases thus form-
ing a highly homogeneous nanocomposite (Fig. 6(a,b)). It
is observed that RIF, showing a rod-like structure due to its
superior crystallinity, accumulated on the surface and pores
of the drug-loaded samples (Fig. 5(c,d), Fig. 6(c.d,e.f) [26].
Whereas in nanocomposite of HA/RIF and HA/PVA/RIF (in
situ), RIF rods are embedded in the nanocomposite matrix
forming a compact block (Fig. 5(c,d) and Fig. 6(c,d)). How-
ever, in the HA/PVA/RIF (onto) nanocomposite, the porous

Fig.5 SEM images of nano-
composite samples at high and
low magnification; (a, b) HA,
(c, d) HA/RIF
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HA/PVA layer is coated with the drug (Fig. 6(e, f)). It was
observed that in situ synthesis did not affect the formation
of particle sizes considerably.

In vitro drug release assay

To examine the applicability of HA nanocomposites as drug
carriers, in vitro release behavior in a PBS (pH 7.4) solution
medium was studied at 37 °C. (Fig. 7a spectrum).

All the nanocomposites displayed a similar drug release
pattern with an initial release followed by a reduced release
rate, as often described in the literature [27-30]. Accord-
ing to the results obtained, the release rate of RIF was fast
in the first hour, and then it was observed, that it slowed
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Fig.6 SEM images of nano-
composite samples at high and
low magnification; (a, b) HA/
PVA, (¢, d) HA/PVA/RTF, (e, f)
HA/PVA/RIF loaded
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Fig. 7 a RIF spectrum of the nanocomposite samples in PBS solution and the spectra of the release of RIF from the nanocomposite. (b) Drug-
release profiles for nanocomposites prepared with different variables (and different wavelengths: 335475 nm)
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down relatively. After 8 h, the cumulative release rate of
RIF reaches 19%, 28%, 6% and 13%, 21%, 4%, respectively
HA/RIF, HA/PVA/RIF, and HA/PVA/RIF loaded (335 nm,
475 nm) in PBS (Fig. 7b cumulative%). Furthermore, RIF
is not completely released, and the release curves reach
plateaus after 8 h [31]. The examination of data (Fig. 7b)
revealed that the release rate of RIF from adsorbed on the
HA/PVA composite surface samples (HA/PVA/Rif Loaded)
was very fast. Because PVA is an almost linear polymer,
the interaction between the drug and the outer surface of
the porous HA in the produced HA/PVA nanocomposite is
weakened due to the polymer [29].

The results show that the release rate of RIF from HA
(HA/Rif) is slower than the release from HA/PVA (HA/
PVA/RIf with in situ synthesis) [31]. This has been inter-
preted as the fact that HA in the polymer structure acceler-
ates the polymer degradation by increasing the porosity and
facilitating the entry of water into the microspheres depend-
ing on its polar structure, thus accelerating the drug release
[30]. It was concluded that the HA/PVA nanocomposite
would be advantageous as a carrier medium for the hydro-
phobic drug RIF (Therapeutic dosage for RIF suggested is
15 mg/kg bodyweight (max. 900 mg) 2 or 3 times weekly
or 10 mg/kg body weight single daily dose (max. 600 mg)
in combination with other anti-mycobacterial agents), since
the immediate release-limiting feature of HA would help
prevent overdose [32].

In vitro drug release kinetics

The drug release kinetics and mechanism were appreciated
mathematically according to five different kinetic models
Zero Order, First Order, Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas model [33]. The release kinetics and
parameters of each model were achieved by linear regres-
sion analysis (Supplementary information, Fig. S3-S32).
The regression coefficients (r?) were used to confirm the
accuracy of the fittings (Table 1). Considering the regression
results, three kinetic models (zero, first, and Hixson-Crow-
ell) are not appropriate models to fit release. However, for
both wavelengths and production techniques, drug release
from HA, and HA/PVA nanocomposite samples can be fit-
ted by the Higuchi model, and HA/PVA/RIF-loaded samples
can be fitted by the Korsmeyer-Peppas model [34]. Again,
the Higuchi and Korsmeyer—Peppas model was employed in
the in vitro drug release behavior analysis of these formula-
tions to distinguish between competing release mechanisms:
Fickian release (diffusion-controlled release), non-Fickian
release (anomalous transport), and case-II transport (relax-
ation-controlled release). When the n value is <0.43, it is
the Fickian release. When n values are observed between
0.43 and 0.85, diffusional mass transport and polymer chain
relaxation may both be rate-controlling processes. In such
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cases, transport is commonly called non-Fickian release
(anomalous). When n > 0.85, it is case-II transport [13, 15].
Most HA and HA/PVA nanocomposites followed a non-
Fickian release diffusion mechanism.

Conclusion

DSC, FTIR, and XRD results show that the main chemi-
cal components of the prepared materials are HA. In addi-
tion, the successful loading of the drug into nanocomposites
was confirmed by the FTIR study. The in vitro dissolution
indicated the prolonged sustained release of RIF over 8 h,
which also followed the Higuchi (r?=0.8676,—0.9877) and
Korsmeyer—Peppas model (r>=0.9233-0.9635) the diffu-
sion component is between 0.43 and 0.85, which indicates
non-fickian diffusion mechanism. Among the five different
kinetic models, when respective correlation coefficients
were compared to RIF release from HA, HA/PVA nano-
composites were found Higuchi and Korsmeyer-Peppas
release model as the best. The most appropriate model was
chosen according to the regression coefficients (1 values).
k, values were specified by placing the release data in the
respective equations and offered in Table 1, together with the
regression coefficients (1%). The data were analyzed for 100%
drug release. The results of kinetic models showed that the
release of RIF from HA/RIF, and HA/PVA/RIF samples fol-
lowed the Higuchi model and HA/PVA/RIF loaded samples
followed the Korsmeyer-Peppas model. Furthermore, the
Higuchi model describes the release processes under the
control of drug diffusion. From the kinetic study results,
we concluded that RIF-loaded marine-based nanocomposite
at pH 7.4 media showed low drug release characteristics.
Therefore, this type of potential drug delivery system made
of biodegradable and biocompatible polymers can be devel-
oped for sustained release of other drugs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41779-022-00739-w.
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