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A B S T R A C T   

Bone defects caused by diseases such as bone diseases, tumours, and traumas negatively affect the lives of 
millions of people around the world. Bone tissue engineering offers a new approach to repairing bone defects. 
Here, a novel bioactive Polyvinyl alcohol (PVA)/ Whey protein isolate (WPI)/ Hydroxyapatite (HA) composite 
scaffolds with Gentamicin (GEN)-loaded at varying rates were successfully fabricated by 3D printing technology. 
The strong interaction between PVA, WPI, HA, and GEN were proved with Fourier transform infrared spec
troscopy (FT-IR) and X-ray diffraction (XRD). When the scanning electron microscopy (SEM) images of the 
produced 3D composite scaffolds were evaluated, it can be said that 3D composite scaffolds with the desired 
porosity and structure for bone tissue engineering applications were obtained. The 3D PVA/WPI/HA/12GEN 
composite scaffold was fabricated excellently with its 675 µm pore size. Compression tests revealed that the 3D 
composite scaffold had a compressive strength of 1.28–1.22 MPa and strain of % 12.89–8.70 and thus met the 
mechanical desirables of human trabecular bone. Moreover, the compressive strength and strain values of the 
scaffolds were decreased slightly due to adding the GEN drug. According to the Differential scanning calorimetry 
(DSC) analysis, it was determined that the highly crystalline structure of PVA was disrupted by adding GEN to the 
composite scaffolds. It was also observed that the addition of GEN to the scaffold did not significantly affect the 
swelling and degradation behaviour, and the scaffolds degraded by approximately 55% on the 10th day. The 
scaffolds exhibited a controlled release profile up to 240 and 264 h and were released with the Korsmeyer-Peppas 
kinetic model according to the highest correlation number. Cell analysis revealed that biocompatible structures 
were produced, and osteoblasts formed filopodia extensions, resulting in healthy cell attachment. According to 
these results, 3D GEN-loaded PVA/WPI/HA composite scaffolds may be a promising innovation for bone defect 
repair in bone tissue engineering applications.   

1. Introductıon 

Bone tissue is the strongest and hardest among the tissues that make 
up the body. Bone tissue provides support to the body, enables walking, 
maintains life, and this tissue is also known as calcium storage. Since the 
amount of calcium in the tissue is high, it has a hard structure. Xu et al. 
state that the number of operations performed for bone substitutions is 
>12 million each year, and this number will increase each year [1]. This 

situation can be overcome by developing different treatment methods 
for bone tissue. 

Bone tissue engineering is a multidisciplinary field that works on 
bone tissue and is becoming popular today and can be seen as a treat
ment method shortly [2]. This field aims to replace cells that have been 
deformed or damaged for any reason in the body with new cells [3]. The 
new cells to be implanted should be mechanically and chemically 
similar to the destroyed old cells. In this way, the tissues near the cell to 
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be implanted will recognise the new implant, and cell attachment will 
take place. One of the methods that contribute to bone tissue engi
neering studies is the production of tissue scaffolds with a 3D printer 
(Fig. 1). 

3D printing technology is a rapidly developing field. The production 
of personalised prostheses and implants in the field of health has made 
3D printing technology used in this field. In addition, the support of 3D 
printing technology with computer-aided programs can ensure that the 
dimensions of the structures to be produced are to the desired specifi
cations [4]. The pore sizes of the tissue scaffolds can be adjusted to be 
the same as the actual pore size of the bone with computer-aided pro
grams. In this way, a scaffold similar to the structure of the real bone can 
be produced. In 3D printing technology, it is an essential parameter that 
the solutions of biofunctional inks are suitable for printing to produce 
tissue scaffolds. The scaffolds to be produced are among the features 
expected to be compatible with the body, not cause toxic effects, pre
serve cell viability, and improve within the expected time [5]. 

The materials to be used in bioprinting should be biocompatible and 

should not have a toxic effect on the body. It is also to support and 
facilitate the functions of the damaged area in the human body and 
provide structure for cell migration and population. Among these ma
terials, synthetic polymers are often preferred in bone tissue engineering 
because they can be easily shaped. Polyvinyl alcohol (PVA) is one of the 
synthetic polymers and has water-soluble properties and high biocom
patibility. Xu et al. showed that PVA polymer could be used in bone 
tissue engineering applications by combining it with β-tricalcium 
phosphate and dipyridamole drug [6]. In addition, PVA has high me
chanical properties. Because of this feature, the design of PVA-based 
nanocomposites to provide bone regeneration has been investigated 
by researchers in previous studies [7]. The inclusion of bioceramics, 
particularly hydroxyapatite (HA), can increase the bioactivity of PVA- 
based nanocomposite scaffolds [8]. 

Hydroxyapatite (HA) is a calcium phosphate compound. It is a 
medical bioceramic material that makes up about 70% of the weight of 
the human bone [9]. Due to its excellent osteoconductivity, good 
biocompatibility, and chemical similarity to natural bone, it is 

Fig. 1. (A) Required materials for producing scaffolds. (B) Scaffold production process with a 3D printer. (C) Top view of the produced scaffolding. (D) Diseased bone 
tissue that is aimed to be replaced with new tissue. (E) Implantation of the scaffold in the body. (F) Drug releasing process of the implanted scaffold. (G) The healing 
process of the bone tissue. 
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considered one of the most suitable materials for producing bone scaf
folds [10]. Due to its osteoconductive properties and high bioactivity, 
HA has become an important material for tissue engineering applica
tions, especially as a filler in the bone regeneration [11,12]. Bendtsen 
et al. combined PVA and hydroxyapatite to produce scaffolds with a 3D 
printer for the bone tissue engineering [13]. In addition, HA is used in 
many applications such as drug delivery and tooth enamel repair [14]. 

Whey protein contains 20% of the proteins in milk and has been 
effective in many medical applications on muscle, bone, pancreas, im
munity, cancer, metabolism, ageing, learning, and wound healing. In 
addition, thanks to the calcium in it, it supports the health of the bones 
in the future [15]. Whey protein isolate (WPI) has attracted attention as 
a new material in many applications. For example, it has been used with 
other materials such as calcium phosphates, bioglasses, or other min
erals to produce bone scaffolds [16]. It is an excellent airgel precursor 
with good mechanical properties that can be used as a drug carrier [17]. 
In addition, Douglas et al. reported that WPI dissolved in a cell culture 
medium promotes the proliferation of human neonatal dermal fibro
blasts (FIB) and human osteoblast-like Saos-2 cells [18]. This suggests 
that WPI may be a promising component for the bone tissue regenera
tion [19]. 

In addition to all these materials used, gentamicin will be used in the 
study to increase healing. Gentamicin is a broad-spectrum antibiotic 
used to treat diseases caused by bacterial infections. It is used to 
inflammation the heart membrane, pneumonia and bone infections. 
Gentamicin is on the World Health Organization’s List of Essential 
Medicines due to its high efficiency against gram-negative bacteria and 
low toxicity [20]. In this study, two different ratios of gentamicin (6 mg/ 
12 mg) will be tried, and it will be observed which drug ratio is more 
suitable for the healing of cells. Many researchers are working on 
repairing bone damage using various combinations of scaffolds with 
several methods. But there is still a need for new combinations. The 
main novelty of this work is a new combination of 3D printing. 

In this study, PVA/WPI/HA, PVA/WPI/HA/6GEN, and PVA/WPI/ 
HA/12GEN composite scaffolds were successfully produced with 3D 
printing technology. Fabricated scaffolds were characterised by Fourier 
transform infrared spectroscopy (FT-IR), differential scanning calorim
etry (DSC), X-ray diffractometry (XRD), scanning electron microscopy 
(SEM), compression test, drug release test, swelling and degradation 
behaviour, and in vitro cell culture assay. This study is promising in bone 
tissue engineering to design an alternative and innovative bone tissue 
scaffold to treat bone defects where infection occurs. 

2. Materials and methods 

2.1. Materials 

Polyvinyl alcohol (PVA, MW = 89,000–98,000), glutaraldehyde so
lution (GA,50 % wt. MW = 100.12 g/mol) and phosphate buffer saline 
(PBS, pH = 7.4), were purchased from Sigma Aldrich (USA). Whey 
protein isolate (WPI) was purchased from Alfasol (Turkey). Gentamicin 
Sulfate (Potency: >590 µg/mg) was obtained from BioShop (Canada). 
Hydroxyapatite (HA, MW = 502.31 g/mol) was purchased from Oerli
kon Metco (Switzerland). 

2.2. Preparation and characterisation of solutions 

Solutions used for scaffold fabrication were prepared as shown in 
Table 1. Firstly, 12% PVA was dissolved in 10 ml of distilled water at 
120 ◦C for 45 min on a magnetic stirrer. 1 g of whey protein isolate (WPI) 
was added to the PVA solution. After the WPI was completely dissolved, 
6 mg and 12 mg gentamicin were added to the solutions separately and 
mixed for 20 min. Finally, 140% hydroxyapatite was added to the so
lutions and mixed with magnetic stirring. To determine the rheological 
property of composite scaffold solutions, viscosity was measured by a 
digital viscometer (RM 200 CP4000 Plus, Lamy Rheology, France). 

Before the tests, the equipment was calibrated, and all samples were 
tested in triplicate at 60 s− 1 shear rate and 25 ◦C room temperature. 

2.3. Design and 3D printing of the scaffolds 

Scaffolds were designed with SolidWorks®, which is CAD Software. 
Scaffolds are designed as squares with dimensions of 20 × 20 × 6 mm3. 
The designed scaffolds were saved in STL (stereolithography) format so 
that the 3D printer’s interface could recognise the designed object. The 
designed scaffold in STL format was transferred to the RepetierHost 
program so that it could be printed with a 3D printer (AXO-A3, Axolotl 
Biosystems). Since the scaffolds will be produced with the Axolotl Bio
systems 3D printer and the 3D printer is integrated into the RepetierHost 
program, the previously designed scaffolds were transferred to the 
RepetierHost program. In scaffold production, fill density was set to 
26%, and fill angle was 90◦. As the fill pattern, rectilinear was chosen. 
Infill speed was determined as 4 mm/s. The inner diameter of the needle 
was 0.84 mm. The distance of the needle tip from the printing surface 
was set to 0.3 mm. The number of layers was determined as 6 for each 
scaffold. In this way, the height of the scaffolds was 5 mm (Table 2). 

2.4. Crosslinking process of the produced scaffolds 

Cross-linking of the produced scaffolds (Fig. 2) was carried out using 
glutaraldehyde vapour. A 25% glutaraldehyde solution was prepared. 
Scaffolds were exposed to the crosslinking process in the steam of this 
prepared solution in an oven at 37 ◦C for 3 h. 

2.5. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM, EVA MA 10, ZEISS) was used to 
investigate the morphological characterisation of scaffolds. Before 
starting the examination, the scaffolds were coated with gold–palladium 
for 180 s using a sputter coater (Quorum SC7620, ABD) to gain con
ductivity. Also, average pore size was analysed using image software 
(Olympus AnalySIS, USA). 

2.6. Fourier Transform-Infrared spectroscopy (FT-IR) analysis 

FTIR is an analytical method used for the chemical characterisation 
of structures. The presence of chemical bonds and functional groups of 
the scaffolds was demonstrated by Fourier Transform-Infrared Spec
troscopy (Jasco, FT-IR 4700). All spectrums were taken at 400–4000 
cm− 1 scanning range and 4 cm− 1 resolution. 

Table 1 
Contents of solutions used in scaffold production.  

Solutions PVA Conc. 
(wt %) 

WPI Conc. 
(wt %) 

HA Conc. 
(wt %) 

GEN Conc. 
(wt %) 

PVA/WPI/HA 12 10 140  – 
PVA/WPI/HA/ 

6GEN 
12 10 140  0.06 

PVA/WPI/HA/ 
12GEN 

12 10 140  0.12  

Table 2 
Process parameters of scaffolds during 3D printing.  

Parameters Values 

Number of Layers 6 
Needle Tip Inner Diameter (mm) 0.84 
Room Temperature (◦C) 25 
Printing Surface Temperature (◦C) 25 
Infill Density (%) 26 
Infill Speed (mm/s) 4  
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2.7. X-Ray diffraction (XRD) 

The structural characterisation of the scaffolds was analysed using 
the XRD machine (Shimadzu – 6100). Measurements were performed at 
40 kV and 30 mA over the 2θ range of 10–90◦–60

◦

at 2◦/min. OriginPro 
7.0 software (OriginLab Corporation, MA, USA) analysed the acquired 
data. 

2.8. Differential scanning calorimetry (DSC) 

The thermal properties of the scaffolds were determined using the 
DSC (Shimadzu DSC-60 Plus) analysis method. Scaffolds were tested in 
the temperature range of 25–400 ◦C and at a scanning rate of 10 ◦C/min. 

2.9. Mechanical properties of the scaffolds 

The compression test is a mechanical analysis method in which the 
shortening or crushing of the material is observed as a result of the force 
applied to the structure. The mechanical strength of the scaffolds was 
determined using a compression testing machine (SHIMADZU, EZ-LX). 

2.10. Swelling and degradation tests of the scaffolds 

Swelling and degradation characteristics of scaffolds were demon
strated by swelling and degradation tests. Scaffolds were kept in 1 ml of 
phosphate buffer saline (PBS, pH = 7.4) containing Eppendorf tubes at 
37 ◦C and 250 revolutions per minute (rpm) in a thermoshaker (BIOSAN 
TS-100C) for 1–20 days. The swelling test was performed on three 
samples of each scaffold. For the swelling test, scaffolds in PBS were 
taken every day, and their mass was measured. Initial weights (Wo) of 

the scaffolds were measured on the first day. The wet weights (Ww) of 
the samples were weighed daily for the swelling test. The swelling value 
(S) was calculated by using Eq. (1) [21]. 

S =
(Ww − Wo)

Wo
× 100 (1) 

For the degradation test, the scaffold in the Eppendorf tube was 
incubated in PBS for 1 day. After 1 day, all of the PBS in the Eppendorf 
tube was drained and left to dry in the scaffold oven for 1 day. The 
weight of the dried scaffold was measured after 1 day. The weight loss 
(Di) was calculated as in Eq. (2) for the degradation of scaffolds [21]. 

Di =
(Wo − Wt)

Wo
× 100 (2)  

where Wo and Wt are weights of the scaffolds before and after degra
dation, respectively. 

2.11. Encapsulation efficiency and drug release test 

In this study, UV–VIS Spectroscopy (Lambda 35, Perkin Elmer, UK) 
will be used in drug release testing. First of all, gentamicin was prepared 
at 3 different concentrations (0.25, 0.5, and 1 μg/mL) to create a linear 
calibration curve, and the absorbance graph was drawn. Drug release 
testing of scaffolds with gentamicin concentrations of 6 mg (6 GEN) and 
12 mg (12 GEN) was performed. The scaffolds were put into Eppendorf 
tubes, and 1 ml of PBS (pH = 7.4) was added. They were kept in a 
thermoshaker (BIOSAN TS-100C) at 37 ◦C and 250 rpm for the specified 
time intervals. At the end of the determined time intervals, PBS in the 
Eppendorf tubes was taken with the help of a micropipette and placed in 
the spectrophotometer cuvette. Its absorbance was measured in the 

Fig. 2. (a) Side view photo and SEM image, (b) Top view photo and SEM image of 3D printed composite scaffold.  
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190–500 nm wavelength. Each scaffold was tested in triplicate. After 
each measurement, new PBS was added to the Eppendorf tube. 

The drug-loaded scaffolds were weighed (approximately 45 mg) and 
dissolved in 10 ml of their solvent in the beaker under stirring for 1 h to 
determine the encapsulation efficiency. After stirring for 1 h, 1 ml of the 
solution was taken, and detection of gentamicin drug in the solution was 
determined using a UV − visible spectrophotometer at 201 nm. For all 
scaffolds, this procedure was done in triplicate. Encapsulation efficiency 
(%) was calculated using Eq. (3) [22]. 

Encapsulation efficiency % =
Wt
Wi

× 100 (3)  

where Wt is the actual amount of drug-loaded in the scaffolds and Wi is 
the amount of drug used in fabricated scaffolds. 

The drug release kinetics of the scaffolds were evaluated using 
different mathematical models such as zero-order(4), first-order(5), 
Korsmeyer-Peppas(6), Higuchi(7), and Hixson-Crowell(8), and their 
equations are as follows; 

Q = K0t (4)  

In(1 − Q) = − K1t (5)  

Q = Ktn (6)  

Q = Kht1/2 (7)  

Q1/3 = Khct (8) 

In these equations, Q is the fractional amount of drug release at time 
t; K, K0, K1, Kh, and Khc are the kinetic constants for Korsmeyer-Peppas, 
zero-order, first-order, Higuchi, and Hixson-Crowell models, respec
tively. n is the diffusion exponent, which is indicative of the drug release 
mechanism. 

2.12. Cell culture test for scaffolds 

Circular scaffolds (1.6 mm thick and 12 mm in diameter) produced 
with a 3D printer were placed in 12-well plates and sterilised by expo
sure to ultraviolet (UV) light overnight. The scaffolds were incubated in 
a cell culture medium for 2 h before seeding. To examine cell adhesion 
and viability, Human osteoblast cells (ATCC) suspension was seed 
planted on the scaffold at 37 ◦C and 5% CO2. To analyse cell viability, 
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 
MTT test was applied to the scaffolds after 1, 3, and 7 days of incubation 
according to manufacturer’s protocol. The absorbance value of cyto
toxicity test was measured at 570 nm wavelength (690 nm as Ref. value) 
in ELISA reader (Enspire, Perkin Elmer). The assay was studied 3 times 
and average of results was considered as final result. Before the MTT test 
took place, the scaffolds were washed with cold PBS (pH 7.4), and then 
0.5 mg/ml (0.5 ml) of MTT solution was added and incubated for 5 h at 
37 ◦C with 5% CO2. The supernatant was drained gently from the so
lution, and then 1.5 ml of dimethylsulfoxide (DMSO) was added. Plates 
were again incubated for 15 min at 37 ◦C under 5% CO2 condition and 
with a microplate reader at 560 nm wavelength absorbance was 
measured. Morphological analyses of fixed osteoblasts on scaffolds were 
performed using scanning electron microscopy (SEM, Zeiss EVO MA- 
10). After 1,3 and 7 days of incubation of scaffolds, scaffolds were 
fixed with 2.5% glutaraldehyde (Sigma) for 2 h and with serial dilutions 
of ethanol (30%, 50%, 70%, 90%, and 99%) were dried. The dried 
scaffolds were gold-coated with sputter-coated (Quorum Technologies, 
SC 7620) for 90 s and observed by SEM (Zeiss, EVO MA-10) at 10 kV 
voltage. 

3. Result & discussion 

3.1. Characterization of rheological properties of solutions 

In 3D-bioprinting, the physical properties of biofunctional inks play 
an essential role in producing composite structures. Viscosity is an 
important parameter for the production of scaffolds by the 3D bio
printing method. The viscosity of the prepared solution should be suit
able for printability with a 3D printer [23]. As a result of the viscosity 
measurement, it was determined that the PVA/WPI/HA solution had the 
lowest viscosity value (686,000 mPa.s), then PVA/WPI/HA/6GEN had 
the viscosity value (720,900 mPa.s) and PVA/WPI/HA/12GEN solution 
had the highest viscosity value (722,000 mPa.s). This shows that the 
addition of GEN to the scaffolds effectively increases the viscosity. There 
is also a close relationship between the viscosity and the pore size of the 
scaffolds [23]. 

3.2. Morphological characterization of scaffolds 

When the SEM images in Fig. 3(b) are examined, it is seen that the 
scaffold without GEN has a pore size of 748.36 ± 67.50 μm. However, 
Fig. 3(d) shows that the GEN-loaded scaffold has a pore size of 675.55 ±
60.71 μm. The increase in viscosity with the addition of GEN caused a 
decrease in pore size. Other studies have shown that the low viscosity of 
biofunctional ink causes the solution to tend to spread during printing, 
resulting in the collapse of the top layers of scaffold [24]. As a result of 
the viscosity measurement made in this study, the addition of GEN 
resulted in both an increase in viscosity and a decrease in pore size. It has 
been reported that high viscosity causes uneven scaffold structure and 
printability problems in the 3D bioprinting [25]. However, in this study, 
the increase in viscosity did not cause any negative effects in terms of 
printability with 3D printers and performed the characterization tests of 
composite structures. 

The porous structure of tissue scaffolds is necessary for gas perme
ability and cell nutrition, and the optimal pore size may vary depending 
on the type of tissue [26]. SEM images of 3D-printed scaffolds are shown 
in Fig. 3. It was observed that all of the produced composites had a single 
distribution and the pores had a square shape. The mean pore size value 
of the non-crosslinked composite shown in Fig. 3(a) was 748.36 ±
67.50 μm. The average pore size value of the crosslinked composite 
shown in Fig. 3(b) was 716.25 ± 101.17 μm. The average pore size of the 
crosslinked composite is smaller than that of the non-crosslinked com
posite. That is, as a result of the crosslinking process, it is seen that the 
pore size of the structure has decreased compared to the initial situation. 
This is because the crosslinking process makes the structure more rigid 
[27]. The mean pore sizes of the PVA/WPI/HA/6GEN and PVA/WPI/ 
HA/12GEN composites were shown in Fig. 3(c, d) as 678.61 ± 66.37 μm 
and 675.55 ± 60.71 μm, respectively. It was observed that the pore size 
of the scaffolds decreased with the loading of gentamicin drug on the 
produced PVA/WPI/HA tissue scaffolds. In the study by Morawska et al., 
it was reported that loading the scaffolds with drugs caused a decrease in 
the pore size [28]. When the SEM images of the scaffolds in Fig. 3(a, b, c, 
d) are examined, it is seen that they have rough surfaces. It is thought 
that the spherical particles seen on the surface of the scaffolds originate 
from the HA spherical powders used in the production of composites 
[29]. In bone tissue engineering applications, it has been seen that 
cellular growth and bone ingrowth are provided with a pore size be
tween 100 and 1000 µm [30]. It can be said that the fabricated scaffolds 
have a suitable range of pore size values to provide cellular growth and 
bone ingrowth for bone tissue engineering applications. 

3.3. Fourier transform infrared spectroscopy (FT-IR) 

Chemical structures and functional groups of pure materials and 
their composites were determined by FTIR spectroscopy. In Fig. 4 (A, a), 
WPI absorption peaks are seen. The peak at ~3272.6 cm− 1 is due to 
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stretching vibrations of –OH linked to –NH2. The peak at ~2925.5 cm− 1 

is related to the –CH2 group. The peak at ~1627.6 cm− 1 (–CO-NH2) is a 
characteristic band of the primary amide group of proteins. The peak, 
which is seen at ~1525.4 cm− 1 (–CO-NH), is the secondary amide group 
of proteins. The peak at ~1045.2 cm− 1 indicates the -C-OH group [31]. 
In Fig. 4 (A, b), the peaks of GEN are seen. The peak at ~2881.1 cm− 1 

shows the (C–H) group due to alkyl stretching vibrations of GEN. At the 
peak, ~1617.9 cm− 1, amide bending vibrations of the primary aromatic 
amines (N–H) group can be seen. The peak at ~1525.42 cm− 1 corre
sponds to C–H stretching vibrations. The peak, which is seen at 
~1031.73 cm− 1, corresponds to the S–O stretch [32,33]. Fig. 4(A, c) 
shows the peaks of PVA. O–H stretching is observed due to intra
molecular and intermolecular hydrogen bonds at ~3271.6 cm− 1. C–H 
stretching of the alkyl groups is observed at the peak at ~2909.1 cm− 1. 
C=O carbonyl stretch is seen at ~1712.4 cm− 1. C–H bending vibration 
of CH2 is visible on the peak at ~1425.1 cm− 1. C–H deformation vi
bration is seen on the peak at ~1239.1 cm− 1 [34,35]. In Fig. 4 (A, d), 
absorption peaks for HA are shown. The HA peaks are at ~1087.6 cm− 1, 
~1016.3 cm− 1, ~962.3 cm− 1, ~628.6 cm− 1, and ~561.1 cm− 1 are 
associated with PO4

− 3 asymmetric stretching, PO4
− 3 asymmetric 

stretching, PO4
− 3 symmetric stretching, OH bending and asymmetric 

bend of PO4
− 3, respectively [36,37]. In Fig. 4 (A, e), (A, f), (A, g), the 

absorption peaks of the composites which are formed by the combina
tion of pure materials are observed. It was observed that all of the 
composites in Fig. 4 (A, e), (A, f), (A, g) were given peaks at the same 
peak points ~ 1087.6 cm− 1, ~962.3 cm− 1, and ~561.1 cm− 1 with the 
pure HA, which is shown in Fig. 4 (A, d). This is because the same 
amount of HA is used to produce pure, 6 mg, and 12 mg composites. The 
other reason is that HA is used in a higher amount than other materials 
(PVA, WPI, and GEN) in composites production. When the peak of GEN 
observed in Fig. 4(A, b) at ~1031.73 cm− 1 was compared to the peaks of 
the composites, the transmittance was lower at this peak in the pure 
composite (without GEN drug) in Fig. 4 (A, e). Therefore, the curve of 
the pure composite is less sharp at this peak. The transmittance of the 
composite, which contains 6 mg of GEN in Fig. 4 (A, f), was higher than 
the pure composite. Accordingly, the curve of this composite is sharper 
at this peak than the pure composite. In the 12 mg GEN-containing 
composite in Fig. 4 (A, g), the transmittance at this peak was higher 
than the other two composites (pure and 6 mg GEN). It was observed 
that the curve of this composite was sharper than the other two 

Fig. 3. SEM images of the Non-crosslinked PVA/WPI/HA (a), Crosslinked PVA/WPI/HA (b), PVA/WPI/HA/6GEN (c), PVA/WPI/HA/12GEN (d).  
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composites (pure and 6 mg GEN). This showed that the S–O stretch at 
this peak in GEN is more easily seen in drug-loaded composites (6 mg, 
12 mg) as the drug increases. 

3.4. X-ray diffraction analysis (XRD) 

X-ray diffraction results of WPI, GEN, PVA, HA, PVA/WPI/HA, PVA/ 
WPI/HA/6GEN, and PVA/WPI/HA/12GEN samples were shown in 
Fig. 4 (B). Sharp diffraction peaks in XRD spectra indicate crystalline 
fractions [38]. The XRD spectrum of WPI (Fig. 4 (B, a)) exhibited sharp 
peaks at 2θ of 12.6◦ and 21.34◦. The peaks at these degrees indicate that 
WPI has a good crystallinity degree, and therefore, WPI has a semi- 
crystalline structure [39]. A sharp peak at 2θ of about 20.12◦ means 
the β-sheet structure of the WPI [40]. For GEN (Fig. 4 (B, b)), diffraction 
peaks were seen at 2θ of 38.38◦, 44.6◦, 64.88◦, and 77.92◦. The XRD 
curve of PVA (Fig. 4 (B, c)), at 2θ = 19.88◦ and 22.88◦, indicates strong 
crystalline reflections. These peaks represent reflections from a mono
clinic unit cell (101) and (200) and are characteristic of PVA [41]. The 
peak at 38.02◦ is related to the semi-crystalline structure of PVA poly
mer. The semi-crystalline structure that forms the characteristic of PVA 
is maintained by intramolecular and intermolecular hydrogen bonds 
[42]. Another diffraction peak for PVA is observed at 2θ = 44.28◦ [35]. 
In the XRD spectrum of HA shown in Fig. 4 (B, d), all of the crystallo
graphic planes (002), (211), (112), and (300) corresponding at 2θ =

25.96◦, 31.84◦, 32.26◦, and 32.98◦ diffraction peaks, respectively [43]. 
The obtained results from the XRD spectrum indicate that HA’s 
diffraction peaks seen at 2θ = 25.96◦, 31.84◦, 32.26◦, and 32.98◦ were 
seen at the same peak points in Fig. 4 (B, e), (B, f) and (B, g). This is 
because the HA has the highest ratio in the production of composites and 
originates from the same amount of HA used in PVA/WPI/HA, PVA/ 
WPI/HA/6GEN, and PVA/WPI/HA/12GEN composites. The diffraction 
peaks of the GEN at 2θ = 64.88◦ and 77.92◦ are seen in the same peak 
points in Fig. 4 (B, f), (B, g), while the peaks cannot be seen in Fig. 4 (B, 
e). The diffraction peaks at these points indicate the presence of 
gentamicin drugs which are loaded to the PVA/WPI/HA/6GEN and 
PVA/WPI/HA/12GEN composites. 

3.5. Differential scanning calorimetry (DSC) 

DSC thermograms were shown for PVA/WPI/HA, PVA/WPI/HA/ 
6GEN and PVA/WPI/HA/12GEN in Fig. 4 (C). Highly crystalline PVA 
has a melting point of approximately 200 ◦C [44]. The melting point for 
the PVA/WPI/HA and PVA/WPI/HA/6GEN composites shown in Fig. 4 
(C, a) and (C, b) was also very close to 200 ◦C, which means the pro
duced composites were highly crystalline. Fig. 4 (C, a) is more visible 
than the peak in Fig. 4 (C, b). With the addition of gentamicin drugs to 
the produced scaffolds, the highly crystalline structure of PVA became 
less noticeable, and the crystal structure decreased. In hydroxyapatite 

Fig. 4. FTIR spectrums of (A,a) WPI, (A,b) GEN, (A,c) PVA, (A,d) HA, (A,e) PVA/WPI/HA, (A,f) PVA/WPI/HA/6GEN, (A,g) PVA/WPI/HA/12GEN. XRD spectra of (B, 
a) WPI, (B,b) GEN, (B,c) PVA, (B,d) HA, (B,e) PVA/WPI/HA, (B,f) PVA/WPI/HA/6GEN, (B,g) PVA/WPI/HA/12GEN. DSC thermogram of (C,a) PVA/WPI/HA, (C,b) 
PVA/WPI/HA/6GEN, (C,c) PVA/WPI/HA/12GEN. 
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powder, it is known that there are two types of water prepared by the 
precipitation method, absorbed water and crystallisation water [45]. 
The peak seen at 58.1 ◦C is associated with the elimination of surface 
absorbed water from the hydroxyapatite [46]. When the temperature is 
increased from 200 ◦C to 400 ◦C, the peak observed at 249 ◦C indicates 
the loss of the crystallisation water [45]. It is seen that the degradation 
steps of the produced scaffolds are in the range of 280–380 ◦C degrees 
[47]. The melting point of the composite in Fig. 4 (C, c) is between 240 
and 260 ◦C. The reason for this is the melting peak of the gentamicin 
drug. Since the composite in Fig. 4 (C, c) contains more drugs than the 
composite in Fig. 4 (C, b), the effect of the drug amount is seen on the 
melting peak of composites. 

3.6. Mechanical properties of the scaffolds 

Compression test results performed to determine the mechanical 
properties of scaffolds are given in Table 3. Table 3 show that PVA/WPI/ 
HA has the highest compressive strength (1.28 MPa). PVA/WPI/HA/ 
6GEN and PVA/WPI/HA/12GEN have equally lower compressive 
strengths (1.22 MPa). This shows that the compressive strength values 
decrease with the addition of gentamicin drugs to the tissue scaffolds. 
According to other studies on bone tissue, it is known that drug loading 
on structures causes adverse effects on the compressive strength [48]. 
However, when the strain values (%) of the constructs were compared, it 
was seen that the PVA/WPI/HA structure had the highest strain 
(12.89%). The lowest strain (8.70 %) was seen in the PVA/WPI/HA/ 
12GEN structure. It can be indicated that loading gentamicin drug to 
PVA/WPI/HA scaffolds induced a drop in the strain values of the 
structures. The decrease in the strain values affects the brittleness of the 
substance [49]. When all these compressive strengths and strain values 
are evaluated together, it has been shown that the PVA/WPI/HA scaf
fold has the best mechanical properties thanks to its ability to deform to 
a great extent and absorb the force before breaking. Gerhardt et al. re
ported in their study that the compressive strength of trabecular bone, 
which is one of the bone tissue types, is in the range of 0.1–16 MPa [50]. 
As a result of the compression test in this study, compressive strength 
values of the produced scaffolds showed that they are suitable for bone 
tissue applications in terms of mechanical properties. 

3.7. Swelling and degradation behaviour of scaffolds 

The ability of tissue engineering scaffolds to absorb water helps 
provide nutrients and oxygen to the interior [51]. It is also an essential 
property for drug-loaded scaffolds as swelling rates significantly influ
ence the controlled drug delivery behaviour [52]. Fig. 5 (a) represents 
the water uptake ratios of the 3D-printed scaffolds at 37 ◦C. In the PVA/ 
WPI/HA scaffold, the swelling rate at the end of the 1st day increases to 
approximately 180%. It can be said that the swelling rates of drug- 
loaded PVA/WPI/HA/6GEN and PVA/WPI/HA/12GEN scaffolds at the 
end of the 1st day are very close to pure scaffolds but slightly higher. 
According to these results, it can be said that gentamicin loading does 
not seriously affect the water absorption property of the scaffold. It was 
observed that all three scaffolds showed swelling behaviour until the 
end of the 3rd day and the swelling rates decreased after the third day. 
The increase in the swelling rate in the first days is attributed to the 
migration of water into the polymeric network driven by the osmotic 
pressure. The next decrease in the swelling rate after the 3rd day is due 

to the onset of a partial degradation [53]. 
Scaffolds produced for tissue engineering are expected to have a 

certain degradation property to allow the cell and provide sufficient 
space for growth and tissue formation [54]. The deterioration of struc
tures exposed to PBS and weight loss over time are essential criteria for 
the tissue engineering [21]. According to Fig. 5 (b), the degradation 
analysis continued for 10 days, showing that all three PVA/WPI/HA, 
PVA/WPI/HA/6GEN, and PVA/WPI/HA/12GEN scaffolds exhibit 
similar degradation behaviour. At the end of the 10th day, the degra
dation rate of all three scaffolds reached approximately 55%. Just as 
with swelling, although there is a small difference in the degradation 
rate of drug-loaded scaffolds compared to pure scaffolds, it can be 
argued that drug loading almost does not change the degradation 
behaviour. In all three scaffolds, it can be observed that the swelling 
feature and the degradation feature are proportional from day today. 
The results obtained are supported by the statement in the literature that 
materials that absorb more water show good swelling properties and 
generally deteriorate faster [55]. 

3.8. Encapsulation efficiency and drug release behaviours of scaffolds 

In this study, in vitro, drug release tests were performed to investi
gate the release properties of gentamicin from 3D-printed scaffolds. The 
gentamicin release profile from the PVA/WPI/HA/6GEN and PVA/WPI/ 
HA/12GEN scaffolds was also examined in a 37 ◦C shaker. To mimic 
physiological conditions, releases were investigated in PBS at pH 7.4, 
and the results are shown in Fig. 6. A calibration curve for gentamicin 
was created by preparing three different ratios (0.25, 0.5, and 1 µg/ml) 
from the initially prepared stock solution (Fig. 6 (a)). According to the 
peak value obtained at 196 nm for gentamicin, the absorbance graph 
(R2 = 0.9969) is drawn in Fig. 6 (b). The encapsulation efficiency (EE) of 
gentamicin into the PVA/WPI/HA/6GEN and PVA/WPI/HA/12GEN 
scaffolds was determined. Encapsulation efficiency of the 3D-printed 
scaffolds was determined as 52.74% and 35.36%, respectively Fig. 6 
(c). The decrease in encapsulation efficiency due to several different 
factors can be attributed to the maximum loading of the drug and the 
saturation point. For this reason, it can be said that the percent encap
sulation efficiency is lower when a high amount of drug is added [56]. 
According to the cumulative release, the graph obtained, it is observed 
that a burst release occurs in the PVA/WPI/HA/6GEN scaffold until the 
12th hour, and 63.80% of the drug is released Fig. 6 (d). A similar sit
uation exists in the PVA/WPI/HA/12GEN scaffold. It is observed that 
57.54% of the drug is released in the first 12 h. However, when the total 
cumulative release graph is examined, the completion of drug release 
from the PVA/WPI/HA/6GEN and PVA/WPI/HA/12GEN scaffolds to 
100% continues until the 240th and 264th hours, respectively. As a 
result, it can be said that a controlled release lasting up to 10 days was 
achieved in the scaffolds obtained. According to the results obtained, 
gentamicin, which is water-soluble and hydrophilic, exhibited a rapid 
release profile from both scaffolds in the first 12 h. In 3D-printed scaf
folds, although an immediate release occurred in the first hours in PBS, it 
is seen that the release is more controlled and lasts longer because cross- 
linking happens by exposure to glutaraldehyde vapour. It is known that 
after the cross-linking application, the structures become denser, and the 
release of the drug is more difficult than in an uncross-linked network 
[57]. Cui et al. study stated that cross-linking causes lower drug diffu
sion and prolongs the release [58]. Drug release kinetics of 3D-printed 
scaffolds loaded with GEN at different rates. It was analysed according 
to Zero-Order, First-Order, Korsmeyer-Peppas, Higuchi, and Hixon- 
Crowell models (Fig. 7). The kinetic constants and regression co
efficients (R2) obtained from the graphs for the scaffolds are shown in 
Table 4. The highest correlation coefficient obtained was determined as 
a mathematical model showing drug release kinetics from scaffolds. The 
highest correlation coefficients in PVA/WPI/HA/6GEN and PVA/WPI/ 
HA/12GEN scaffolds were obtained as R2 = 0.9926 and R2 = 0.9855, 
respectively. Accordingly, GEN release from both scaffolds can be 

Table 3 
Compressive testing results for PVA/WPI/HA, PVA/WPI/HA/6GEN and PVA/ 
WPI/HA/12GEN.  

Scaffolds Compressive Strength (MPa) Strain (%) 

PVA/WPI/HA 1.28 ± 0.029 12.89 ± 1.020 
PVA/WPI/HA/6GEN 1.22 ± 0.009 10.57 ± 3.830 
PVA/WPI/HA/12GEN 1.22 ± 0.039 8.70 ± 1.028  
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explained by the Korsmeyer-Peppas kinetic model. The ranges of “n” 
values associated with the Korsmeyer-Peppas model and corresponding 
to different transport mechanisms are shown in Table 5 [21]. According 
to the “n” value, which illuminates the drug release mechanism from the 
polymeric material, it can be said that the release from both scaffolds 
occurs according to the Super case II transport mechanism. 

3.9. MTT analysis and cell attachment studies 

The viability of the osteoblast cells on 3D-printed PVA/WPI/HA, 
PVA/WPI/HA/6GEN, and PVA/WPI/HA/12GEN scaffolds for bone tis
sue engineering were determined with MTT analysis. MTT assay was 

carried out for 1, 4, and 7 days incubation to determine the osteoblast 
cell viability of scaffolds. Cell viability of the produced 3D-printed 
scaffolds was calculated relative to the PVA/WPI/HA scaffold. The cell 
viability of 3D-printed scaffolds was similar, and the cellular viability of 
all materials was higher than control scaffolds for a 3-day treatment. 
Although the cell viability of the PVA/WPI/HA/6GEN scaffold increased 
slightly on the 7th day, it was observed that the cell viability of the PVA/ 
WPI/HA/12GEN scaffold decreased slightly on the 7th-day treatment. 
According to the results shown in Fig. 8 (A), it is seen that all of the PVA/ 
WPI/HA, PVA/WPI/HA/6GEN, and PVA/WPI/HA/12GEN scaffolds 
developed did not cause any toxicity on osteoblast cells. Kumar et al. 
demonstrated that osteoblastic growth was supported in both charged 

Fig. 5. Swelling(a) and Degradation(b) graphics of PVA/WPI/HA, PVA/WPI/HA/6GEN, and PVA/WPI/HA/12GEN scaffolds.  
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and uncharged HA samples and caused an increase in cell proliferation 
for 7 days. In addition, it can be said that both negative and positive 
charges on the HA surface cause an increase in the metabolic activity of 
the osteoblast cell [59]. In addition, studies showing that whey protein 
increases osteoblast cell proliferation and differentiation and is a pro
moter of osteoblast growth support the non-toxicity of MTT results [60]. 

Furthermore, osteoblast cell interactions with 3D-printed scaffolds 
were examined by SEM imaging. As shown in Fig. 8 (B), osteoblast cells 
successfully adhered to scaffolds after 1, 3, and 7 days of incubation. In 
addition, 7-day incubation images prove that osteoblasts from filopodia 
extensions, which is considered a sign of biocompatibility, show a 
healthy attachment behaviour to the surface they are located on and not 
under stress. Osteoblast cell filopodia extensions are observed on all 
scaffolds. This suggests that HA could provide a suitable microenvi
ronment for cell development. Hydroxyapatite is widely recognised as 
an osteoconductive biomaterial associated with rapid bone healing and 
close adaptation of bone tissue [61]. Gutiérrez-Prieto et al. planted cells 
on prepared scaffolds to investigate osteoblast cell morphology, adher
ence, and viability. The results also support this study, and HA was the 
material that showed the best cell adhesion among the different poly
mers [62]. 

4. Conclusions 

In this study, PVA/WPI/HA, PVA/WPI/HA/6GEN and PVA/WPI/ 
HA/12GEN composite scaffolds for bone tissue engineering were suc
cessfully produced with 3D printing technology. In order to prevent the 

rapid deterioration of the produced composite scaffolds and to increase 
their mechanical strength, crosslinking was done with GA vapour. 
Addition of GEN to the solution consisting of PVA, WPI, and HA caused 
an increase in viscosity. When the SEM images of the obtained com
posite scaffolds were examined, it was seen that they had the desired 
porosity and properties for bone tissue engineering applications. In 
addition, the diameters of the PVA/WPI/HA, PVA/WPI/HA/6GEN and 
PVA/WPI/HA/12GEN scaffolds were 716.25 ± 101.17 μm, 678.61 ±
66.37 μm and 675.55 ± 60.71 μm, respectively. The PVA/WPI/HA/ 
12GEN composite scaffold was excellently obtained with its 675 µm pore 
size which means that according to the literature, it has a suitable pore 
size to provide cellular growth and bone ingrowth for bone tissue en
gineering. XRD and FTIR results showed a strong interaction between 
PVA, WPI, HA and GEN. According to the DSC analysis, the addition of 
GEN to the composite scaffolds disrupted the highly crystalline structure 
of PVA. However, swelling and degradation did not affect the behavior 
much. At the end of the 10th day, it can be said that approximately 55% 
of the scaffolds have deteriorated. The addition of GEN at different 
concentrations adversely affected the compressive strength and strain 
values of composite scaffolds, but still suitable for mechanical properties 
for human trabecular bone (0.1–16 MPa). When drug release results 
were analyzed, the scaffolds showed a controlled release profile 
extending up to 240 and 264 h. Considering the highest correlation 
number, both scaffolds exhibit the Korsmeyer-Peppas mathematical ki
netic model. The obtained cell test results proved that biocompatible 
scaffolds were produced, and after 7 days of incubation, osteoblast cells 
formed filopodia extensions and exhibited healthy cell attachment. 

Fig. 6. In vitro drug release profiles of scaffolds: Absorption spectra of gentamicin at different concentrations (a), gentamicin calibration curve (b), encapsulation 
efficiency of gentamicin-loaded scaffolds (c), drug release profiles from the scaffolds that have the concentration of gentamicin (d). All the measurements were 
repeated three times, and the errors were less than 5%. 
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Fig. 7. The kinetic release models of GEN release profiles from the PVA/WPI/HA/6GEN and PVA/WPI/HA/12GEN scaffolds; Zero-order, First-order, Korsmeyer- 
Peppas, Higuchi, and Hixson-Crowell models. 

Table 4 
Results of mathematical drug release models for all scaffolds: PVA/WPI/HA/6GEN, PVA/WPI/HA/12GEN.  

Sample Korsmeyer-Peppas Zero-Order First-Order Higuchi Hixson-Crowell 

R2 n R2 K0 R2 K1 R2 Kh R2 Khc 

PVA/WPI/HA/6GEN 0,9926 28,712 0,7693 0,2798 0,974 − 0,0068 0,9101 4,7253 0,9278 0,0139 
PVA/WPI/HA/12GEN 0,9855 29,543 0,8031 0,2715 0,9686 − 0,006 0,9295 4,7499 0,9374 0,0126  
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Considering all the results, GEN-loaded 3D PVA/WPI/HA composite 
scaffolds may be a promising innovation for bone defect repair in bone 
tissue engineering applications. 

CRediT authorship contribution statement 

Tufan Arslan Tut: Methodology, Investigation. Sumeyye Cesur: 
Investigation. Elif Ilhan: Investigation, Methodology. Ali Sahin: 
Methodology. Onur Samet Yildirim: Investigation, Methodology. 

Table 5 
Transport mechanisms types according to the ranges of n value.  

The ranges of n values Transport mechanisms 

0.45 ≤ n Fickian diffusion mechanism 
0.45 < n < 0.89 Non-Fickian transport 
n = 0.89 Case II (relaxational) transport 
n > 0.89 Super case II transport  

Fig. 8. (A) Cell viability results of 1-day, 3-day, and 
7-day treated scaffolds. PVA/WPI/HA scaffold was 
accepted as a control, and the calculations were 
compared with the controlled material. Results are the 
average value of three different technical replicates, 
which is estimated by relative cell viability ratio 
compared to Day 1 PVA/WPI/HA treatment PVA/ 
WPI/HA, PVA/WPI/HA/6GEN, PVA/WPI/HA/12GEN 
composite scaffolds. (B) SEM images of osteoblast 
cells on PVA/WPI/HA PVA/WPI/HA, PVA/WPI/HA/ 
6GEN, and PVA/WPI/HA/12GEN scaffolds.   

T.A. Tut et al.                                                                                                                                                                                                                                   



European Polymer Journal 179 (2022) 111580

13

Oguzhan Gunduz: Conceptualization, Methodology. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This study was funded by TUBITAK, 2209-A - Research Project 
Support Program for Undergraduate Students, grant no: 
1919B012111324. 

References 

[1] W. Xu, X. Liao, B. Li, T. Li, Biomaterials and bone tissue engineering, in: Proc. 2011 
Int. Symp. Bioelectron. Bioinformatics, ISBB 2011, 2011. doi:10.1109/ 
ISBB.2011.6107687. 

[2] S. Cesur, F.N. Oktar, N. Ekren, O. Kilic, D.B. Alkaya, S.A. Seyhan, Z.R. Ege, C.- 
C. Lin, S.E. Kuruca, G. Erdemir, O. Gunduz, Preparation and characterization of 
electrospun polylactic acid/sodium alginate/orange oyster shell composite 
nanofiber for biomedical application, J. Aust. Ceram. Soc. (2019), https://doi.org/ 
10.1007/s41779-019-00363-1. 

[3] G.L. Koons, M. Diba, A.G. Mikos, Materials design for bone-tissue engineering, Nat. 
Rev. Mater. (2020), https://doi.org/10.1038/s41578-020-0204-2. 

[4] N. Shahrubudin, T.C. Lee, R. Ramlan, An overview on 3D printing technology: 
technological, materials, and applications, Proc. Manuf. 35 (2019) 1286–1296, 
https://doi.org/10.1016/j.promfg.2019.06.089. 

[5] J. Gopinathan, I. Noh, Recent trends in bioinks for 3D printing, Biomater. Res. 
(2018), https://doi.org/10.1186/s40824-018-0122-1. 

[6] Z. Xu, N. Wang, Y. Ma, H. Dai, B. Han, Preparation and study of 3D printed 
dipyridamole/β-tricalcium phosphate/ polyvinyl alcohol composite scaffolds in 
bone tissue engineering, J. Drug Deliv. Sci. Technol. (2022), https://doi.org/ 
10.1016/j.jddst.2021.103053. 

[7] S. Alinavaz, G.R. Mahdavinia, H. Jafari, M. Hazrati, A. Akbari, Hydroxyapatite 
(HA)-based hybrid bionanocomposite hydrogels: Ciprofloxacin delivery, release 
kinetics and antibacterial activity, J. Mol. Struct. (2021), https://doi.org/10.1016/ 
j.molstruc.2020.129095. 

[8] H. Kobayashi, M. Kato, T. Taguchi, T. Ikoma, H. Miyashita, S. Shimmura, 
K. Tsubota, J. Tanaka, Collagen immobilized PVA hydrogel-hydroxyapatite 
composites prepared by kneading methods as a material for peripheral cuff of 
artificial cornea, Mater. Sci. Eng. C 24 (6–8) (2004) 729–735, https://doi.org/ 
10.1016/j.msec.2004.08.038. 

[9] M.A. Nazeer, O.C. Onder, I. Sevgili, E. Yilgor, I.H. Kavakli, I. Yilgor, 3D printed 
poly(lactic acid) scaffolds modified with chitosan and hydroxyapatite for bone 
repair applications, Mater. Today Commun. (2020), https://doi.org/10.1016/j. 
mtcomm.2020.101515. 

[10] Q. Wei, Y. Wang, W. Chai, Y. Zhang, X. Chen, Molecular dynamics simulation and 
experimental study of the bonding properties of polymer binders in 3D powder 
printed hydroxyapatite bioceramic bone scaffolds, Ceram. Int. (2017), https://doi. 
org/10.1016/j.ceramint.2017.07.082. 

[11] M.A. Nazeer, E. Yilgor, M.B. Yagci, U. Unal, I. Yilgor, Effect of reaction solvent on 
hydroxyapatite synthesis in sol–gel process, R. Soc. Open Sci. (2017), https://doi. 
org/10.1098/rsos.171098. 

[12] S.A. Seyhan, D.B. Alkaya, S. Cesur, F.N. Oktar, O. Gunduz, Preparation and 
characterization of pure natural hydroxyapatite derived from seashells for 
controlled drug delivery, J. Aust. Ceram. Soc. 58 (4) (2022) 1231–1240, https:// 
doi.org/10.1007/s41779-022-00739-w. 

[13] S.T. Bendtsen, S.P. Quinnell, M. Wei, Development of a novel alginate-polyvinyl 
alcohol-hydroxyapatite hydrogel for 3D bioprinting bone tissue engineered 
scaffolds, J. Biomed. Mater. Res. - Part A. (2017), https://doi.org/10.1002/jbm. 
a.36036. 

[14] S. Mistry, R. Roy, B. Kundu, S. Datta, M. Kumar, A. Chanda, D. Kundu, Clinical 
outcome of hydroxyapatite coated, bioactive glass coated, and machined Ti6Al4V 
threaded dental implant in human jaws: a short-term comparative study, Implant 
Dent. (2016), https://doi.org/10.1097/ID.0000000000000376. 

[15] Whey protein, Altern. Med. Rev. (2008). 10.1533/9780857093639.30. 
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