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A B S T R A C T   

This work aimed to develop new antibiotic-coated/ antibiotic-loaded hydroxyapatite (HAp) scaffolds for or
thopaedic trauma, specifically to treat the infection after fixation of skeletal fracture. The HAp scaffolds were 
fabricated from the Nile tilapia (Oreochromis niloticus) bones and fully characterized. The HAp scaffolds were 
coated with 12 formulations of poly (lactic-co-glycolic acid) (PLGA) or poly (lactic acid) (PLA), blended with 
vancomycin. The vancomycin release, surface morphology, antibacterial properties, and the cytocompatibility of 
the scaffolds were conducted. 

The HAp powder contains elements identical to those found in human bones. This HAp powder is suitable as a 
starting material to build scaffolds. After the scaffold fabrication, The ratio of HAp to β-TCP changed, and the 
phase transformation of β-TCP to α-TCP was observed. All antibiotic-coated/ antibiotic-loaded HAp scaffolds can 
release vancomycin into the phosphate-buffered saline (PBS) solution. PLGA-coated scaffolds obtained faster 
drug release profiles than PLA-coated scaffolds. The low polymer concentration in the coating solutions (20%w/ 
v) gave a faster drug release profile than the high polymer concentration (40%w/v). All groups showed a trace of 
surface erosion after being submerged in PBS for 14 days. Most of the extracts can inhibit Staphylococcus aureus 
(S. aureus) and methicillin-resistant S. aureus (MRSA). The extracts not only caused no cytotoxicity to Saos-2 
bone cells but also can increase cell growth. This study demonstrates that it is possible to use these antibiotic- 
coated/ antibiotic-loaded scaffolds in the clinic as an antibiotic bead replacement.  

Abbreviations: α-TCP, α-tricalcium phosphate; β-TCP, β-tricalcium phosphate; CLSI, The Clinical and Laboratory Standards Institute; DI, Deionized water; DMSO, 
Dimethyl sulfoxide; F1[V-PLGA20-Lvanc], Formulation 1, HAp saffolds containing low concentration of vancomycin, coated with PLGA 20%w/v blended with 
vancomycin; F2[V-PLGA40-Lvanc], Formulation 2, HAp saffolds containing low concentration of vancomycin, coated with PLGA 40%w/v blended with vancomycin; 
F3[V-PLA20-Lvanc], Formulation 3, HAp saffolds containing low concentration of vancomycin, coated with PLA 20%w/v blended with vancomycin; F4[V-PLA40- 
Lvanc], Formulation 4, HAp saffolds containing low concentration of vancomycin, coated with PLA 40%w/v blended with vancomycin; F5[PLGA20-Lvanc], 
Formulation 5, HAp saffolds containing low concentration of vancomycin, coated with PLGA 20%w/v; F6[PLGA40-Lvanc], Formulation 6, HAp saffolds containing 
low concentration of vancomycin, coated with PLGA 40%w/v; F7[PLA20-Lvanc], Formulation 7, HAp saffolds containing low concentration of vancomycin, coated 
with PLA 20%w/v; F8[PLA40-Lvanc], Formulation 8, HAp saffolds containing low concentration of vancomycin, coated with PLA 40%w/v; F9[PLGA20-Hvanc], 
Formulation 9, HAp saffolds containing high concentration of vancomycin, coated with PLGA 20%w/v; F10[PLGA40-Hvanc], Formulation 10, HAp saffolds con
taining high concentration of vancomycin, coated with PLGA 40%w/v; F11[PLA20-Hvanc], Formulation 11, HAp saffolds containing high concentration of van
comycin, coated with PLA 20%w/v; F12[PLA40-Hvanc], Formulation 12, HAp saffolds containing high concentration of vancomycin, coated with PLA 40%w/v; FDA, 
Food and Drug Administration; FTIR, Fourier transforms infrared spectroscopy; HAp, Hydroxyapatite; IFSF, The infection after fixation of skeletal fracture; P.U., 
Polyurethane; PBS, Phosphate-buffered saline; PLA, Poly(lactic acid); PLGA, Poly(lactic-co-glycolic acid); PVA, Polyvinyl alcohol; SEM, Scanning electron micro
scopy; XRD, X-ray diffraction; XRF, X-ray fluorescence spectroscopy. 
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1. Introduction 

Infection is one of the most serious complications after operative 
fixation of the skeletal fracture. The infection after fixation of skeletal 
fracture (IFSF) incidence ranges from 1% to 30%, depending on the 
severity of bone damage, soft-tissue trauma, and contamination level 
(Morgenstern et al., 2018; Baertl et al., 2021). The IFSF can compromise 
fracture healing, severely affect clinical outcomes, and increase 
morbidity and mortality rates. IFSF can be treated using various 
methods, i.e., systemic antibiotic(s), adequate debridement and irriga
tion, implant retention/removal decision, and local antimicrobial ther
apy (Foster et al., 2020a; Depypere et al., 2020). Local antibiotic 
administration has attracted considerable interest in IFSF treatment. 
Generally, antibiotics such as vancomycin, gentamicin, and tobramycin, 
alone or in combination (Qiu et al., 2018; Tantavisut et al., 2022), have 
been mixed with bone cement to create a local drug delivery system in 
the form of polymethylmethacrylate beads (Qiu et al., 2017; Shinsako 
et al., 2008; Taggart et al., 2002; van Vugt et al., 2019). In most cases, 
these beads can cure the infection and prevent biofilm formation. 
However, they must be removed during the second operation or when 
the wound is closed (Foster et al., 2020b). In addition, after prolonged 
antibiotic elution, the level of antibiotic concentration at the bone 
cement surface might be low and prone to become an additional 
attachment surface to bacteria, potentially leading to ongoing infection 
and creating antibiotic-resistant bacteria (Neut et al., 2001; Schmolders 
et al., 2014). Using a fully biodegradable implant is an attractive alter
native to traditional beads. The new biodegradable implant can deliver a 
high concentration of antibiotic(s) to the infection site and does not 
require removal. 

Bioresorbable materials such as calcium sulfate and hydroxyapatite 
are being studied extensively to solve known problems with antibiotic 
(s)-loaded bone cement. When compared to bone cement, these mate
rials can eliminate foreign body problems, do not require removal pro
cedures, can be used with a broader range of antibiotics, and promote 
bone healing, making them ideal for IFSF situations. 

Hydroxyapatite (HAp) is a well-known calcium phosphate biomate
rial with the chemical composition Ca10(PO4)6(OH)2, identical to the 
mineral phase of bone and the hard tissues of humans. HAp can enhance 
osteoblast attachment and viability (O’Hare et al., 2010). It can interact 
with living bone tissue without causing cytotoxicity or inflammatory 
response. These desired properties made HAp a good candidate for 
biomedical applications, especially in orthopaedic (Petit, 1999). To 
date, there are various forms of HAp, such as the coating on porous 
metals, fine granules, powders, and composites (Oonishi, 1991; Meir
elles et al., 2008; Feng et al., 2022). HAp can be synthesized chemically 
or extracted from natural sources. Different sources and extraction 
methods would give different calcium-to-phosphate ratios, crystalline 
phases, and particle sizes/shapes. Most natural sources of HAp come 
from mammalian bones, i.e., bovine, camel, horse, and porcine (Mohd 
Pu’ad et al., 2019). Until recently, HAp from fish bone has emerged as an 
alternative source that is abundant, inexpensive, and safe, with minimal 
risks of disease transmission (Granito et al., 2018; Marliana et al., 2015; 
Shi et al., 2018). Since HAp extraction from fish bone is relatively new, 
most studies focused on the extraction methods and the material char
acterization (Firdaus Hussin et al., 2022). There are several knowledge 
gaps regarding the drug/polymer coating and the biomedical applica
tion of HAp from the fishbone. 

Poly (lactic-co-glycolic) acid (PLGA) and poly (lactic acid) (PLA) are 
the most promising polymers for biomedical applications. They are Food 
and Drug Administration (FDA)-approved biodegradable polymers with 
biocompatible properties. They offer safe and non-toxic degradation 
products, making them suitable for various pharmaceutical applications. 
PLGA has been extensively studied as a drug delivery system that can 
entrap a wide range of actives, from small molecules to proteins 
(Makadia and Siegel, 2011a). PLGA is commonly used in orthopaedic 
applications (Zhao et al., 2021). PLGA in micro- and nanoparticle forms 

can act as a delivery system for growth factors in bone tissue engi
neering, such as the bone morphogenetic protein 2 (BMP2) (Ortega- 
Oller et al., 2015; Patel et al., 2021), vascular endothelial growth factor 
(VEGF) (Zhu et al., 2022), and transforming growth factor (TGF)-β3 
(Park et al., 2016; Bouffi et al., 2010). Agarwal et al. (Agarwal et al., 
2016) fabricated PLGA-silane coating on the magnesium alloy AZ31. 
This coating can improve cytocompatibility in MC3T3-E1 osteoblast 
cells (Agarwal et al., 2016). Because of its slow degradation profile, PLA 
has been used in clinical applications, mainly for medical devices and 
implants (Narayanan et al., 2016). PLA/magnesium composite show 
cytocompatibility with MC3T3-E1 osteoblast cells (Zhao et al., 2017). 
PLA can even be blended with HAp (Shuai et al., 2021), β-tricalcium 
phosphate (β-TCP) (Feng et al., 2018), and other materials (Shuai et al., 
2022) to create a scaffold that contains bioactivity and osteo
conductivity (Bernardo et al., 2022). Both polymers are compatible with 
bone cells and can potentially be used in orthopaedics for coating 
scaffolds/implants. 

Taking all of these aspects into account, it is feasible to fabricate a 
HAp scaffold containing antibiotic(s) that inhibit bacterial growth 
without damaging the surrounding tissue and have a favorable effect on 
bone cells when released at the infected site. Furthermore, this scaffold 
should be fully biodegradable, avoiding the need for a second operation. 
This scaffold could be used to replace antibiotic beads. In this study, for 
the first time, the HAp scaffolds were fabricated using Nile tilapia 
(Oreochromis niloticus) bones. The HAp scaffolds were coated with PLGA 
or PLA blended with an antibiotic. Vancomycin was chosen as a drug 
model. The nanostructure of HAp was fully characterized in both pow
der and scaffold forms. The vancomycin release, surface morphology, 
antibacterial properties, and cytocompatibility of the antibiotic-coated/ 
antibiotic-loaded HAp scaffolds were investigated. 

2. Material and methods 

2.1. Hydroxyapatite powder preparation 

The hydroxyapatite powder (HAp) was extracted from the fish bone 
using the thermal decomposition method according to Khamkongkaeo 
et al. (Khamkongkaeo et al., 2021) with a modification in calcination 
temperature. The starting material was the Nile tilapia (Oreochromis 
niloticus) bones. The bones were collected, boiled to remove the organic 
impurities, dried, and cut into small pieces. The dried fish bone was 
calcined at 700 ◦C in an electrical furnace (Xinkyo, SX2–4-17TP, China) 
with a heating rate of 5 ◦C/min for 3 h. Before scaffold fabrication, the 
HAp powder was wet ball milled in deionized water (DI) using zirconia 
balls for 24 h to decrease particle size. Then a mixture was dried at 
150 ◦C for 48 h to obtain the HAp powder for scaffold fabrication. The 
elemental composition of HAp powder was identified using the X-ray 
fluorescence spectroscopy, XRF (S8 Tiger, Bruker, USA), by measuring a 
characteristic X-ray that emitted from a sample after a primary X-ray 
source excitation. 

2.2. Scaffold preparation 

The scaffolds were fabricated using the polyurethane (P.U.) sponge 
replication technique. Before the coating process, cylindrical P.U. 
sponges (30 ppi, 7.5 (dia) x 13 mm (h)) were treated with 1 M NaOH 
solution for 24 h to enhance the adhesion between the slurry and the P. 
U. sponge surface, followed by washing with DI water for three times 
and dried at 100 ◦C for 1 h. HAp slurry was prepared by mixing the 4 g of 
HAp powder with 10 mL of 5%w/v polyvinyl alcohol (PVA, BF17W, Ajax 
Finechem Pty LTD, New Zealand), then stirred at 200 rpm for 2 h at 
room temperature until a homogenous slurry was achieved. When the 
homogeneous slurry was reached, it was coated on the P.U. sponges 
three times, and the excess slurry was removed using the centrifugation 
method with compressed air. After that, the coated sponges were dried 
at 100 ◦C for 1 h. Finally, the obtained sponges were sintered in an 
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electric furnace (XINKYO, SX2–4-17TP, China) under air atmosphere 
following a heating program: (i) from room temperature to 600 ◦C with 
the heating rate of 1 ◦C/min for 1 h to remove P.U. sponge, (ii) the 
heating was continued with the rate of 5 ◦C/min up to 1400 ◦C with a 
duration time of 5 h for consolidation, and (iii) the sintered scaffolds 
were naturally cooled in the furnace. 

2.3. Scaffold characterization 

The functional groups in the range of 4000–500 cm− 1 present in the 
HAp powder and scaffolds were investigated using Fourier transform 
infrared spectroscopy (FT-IR, Bruker TENSOR 27 FT-IR Spectrometer, 
Bruker Corporation, USA). Moreover, high-quality X-ray diffraction 
patterns (XRD, EMPYREAN, Malvern Panalytical, Netherlands) were 
collected in the 2θ of 10–90◦ with a step size of 0.02◦ and a scan time of 
2 s per step. Rietveld refinement was achieved on the high-quality XRD 
patterns using TOPAS software. F.P. peak type, which is based on 
Lorentzian-type crystallite size and Gaussian-type strain, was adopted as 
a peak profile for fitting. 

2.4. Fabrication of the antibiotic-coated/antibiotic-loaded scaffolds 

In this work, two types of polymers which are poly (lactic-co-glycolic 
acid) (PLGA, 50:50, Lactel® absorbable polymer, Durect Corporation, 
USA, Lot no. 1143-19-01, 0.65 dL/g in HFIP) and poly (lactic acid) (PLA, 
Lactel®, Absorbable polymer, Durect Corporation, USA, Lot no. 1143- 
05-01, 1.16 dL/g in CHCl3) was used. Vancomycin in the form of van
comycin hydrochloride was introduced into the system as an antibiotic 
prototype. Vancomycin hydrochloride (Lot no. 0000052170, 
A4230021) was kindly gifted from Siam Bheasach Co., Ltd., Thailand. 

Three sets (12 formulations) of the antibiotic coating were prepared 
using different polymers, different amounts of polymer, and different 
amounts of vancomycin per one scaffold. The first set (Formulation 1–4) 
was composed of PLGA and PLA at 20%w/v and 40%w/v with vanco
mycin dissolved in the coating solution. Moreover, the scaffolds were 
pretreated with a low dose of vancomycin. The second set (Formulation 
5–8) was similar to the first set, except it contained no vancomycin in the 
coating solution. The last set (Formulation 9–12) was similar to the 
second set, except with a high dose of vancomycin in the scaffold. All 
formulation compositions are shown in Table 1. 

To prepare the coating solution, PLGA or PLA was dissolved in 
dichloromethane (ACS grade, Burdick & Jackson, SK Chemicals, Korea) 
at the concentration of 20%w/v and 40%w/v. Vancomycin was dis
solved in methanol (ACS grade, Honeywell, Burdick & Jackson, USA) 
with a concentration of 0.3%w/v. The drug-polymer solution was pre
pared by mixing PLGA or PLA solution with the vancomycin in a 

methanol solution. Before coating, all scaffolds were weight. Some were 
pretreated by adding the vancomycin (in ethanol solution) and dried. 
Afterward, the scaffold was dipped into the drug-polymer solution, dried 
at room temperature overnight, weighed, and kept in the desiccator 
until used. 

2.5. Drug elution assay 

The drug elusion assays or the release studies of vancomycin from 
the scaffolds were conducted in phosphate-buffered saline (1xPBS, ultra- 
pure grade, 0.1 μm sterile filtered, Apsalagen, Thailand). The scaffolds 
have a disc-like shape with lightweight; some of them may float after 
coating. Thus, all antibiotic-coated/antibiotic-loaded scaffolds were put 
into a custom-made dissolution sinker (Supplementary fig. 1) before 
being placed in centrifuge tubes containing 30 mL of PBS. The samples 
were incubated in an incubator shaker (Mini Shaking Incubator, ES-60, 
Hangzhou Miu Instruments Co., Ltd., China) at 37 ◦C, 100 rpm. The 
samples (1000 μL of PBS-containing antibiotic) were removed and 
replaced with pre-warmed PBS at designated times (1, 4, 8, 24 h, 2, 3, 8, 
and 14 days). All samples were kept at − 20 ◦C for further analysis. The 
PBS-containing antibiotic solutions were analyzed for vancomycin 
content and antimicrobial property. At the end of 14 days, the scaffolds 
were removed and rinsed well with sterile water for irritation (SWI, 
General Hospital Products Public Co., Ltd., Thailand) before being dried 
at 45 ◦C overnight (Memmert GmbH, Germany). The scaffolds were 
weighted and evaluated for surface morphology using SEM. 

Vancomycin content in the PBS-containing antibiotic solutions was 
quantified using the spectrophotometric method. The drug moiety was 
quantified based on a coupling reaction between vancomycin and 
diazotized procaine with a validated protocol in a 96-well plate (Hadi, 
2014). In short, the PBS-containing antibiotic solutions were mixed with 
procaine solution and 0.125 M ammonium hydroxide (NH4OH, Carlo 
ERBA Reagents, USA) at a volume ratio of 100:30:120. Procaine solution 
is a mixture of 1.0 mM procaine hydrochloride (Sigma Life Science, 
USA), 1.0 M hydrochloric acid (HCl, Chem-Lab, Belgium), and 1.0 mM 
sodium nitrite (NaNO2, Carlo ERBA Reagents, USA). The absorbance of 
the yellow color azo dye was measured at 447 nm using a microplate 
reader (ClarioStar Multimode Microplate Reader, BMG Labtech, Ger
many). Blank was prepared in the same way as the samples but used PBS 
instead of the PBS-containing antibiotic solutions. The vancomycin cu
mulative release profiles (μg, Y-axis) were plotted against time (hours, 
X-axis). 

Table 1 
Three sets (12 formulations) of the antibiotic coating and scaffold-pretreated solutions.  

Formu-lation 
number 

Formulation 
codename* 

The drug-polymer coating solution Scaffold-pretreated solution 

PLGA amount 
(mg) 

PLA amount 
(mg) 

0.3%w/v Vanco-mycin** 
(μL) 

Dichloro-methane 
(μL) 

0.3%w/v Vanco-mycin** 
(μL) 

1 V-PLGA20-Lvanc 200 – 100 900 400 
2 V-PLGA40-Lvanc 400 – 100 900 400 
3 V-PLA20-Lvanc – 200 100 900 400 
4 V-PLA40-Lvanc – 400 100 900 400 
5 PLGA20-Lvanc 200 – – 1000 400 
6 PLGA40-Lvanc 400 – – 1000 400 
7 PLA20-Lvanc – 200 – 1000 400 
8 PLA40-Lvanc – 400 – 1000 400 
9 PLGA20-Hvanc 200 – – 1000 800 
10 PLGA40-Hvanc 400 – – 1000 800 
11 PLA20-Hvanc – 200 – 1000 800 
12 PLA40-Hvanc – 400 – 1000 800 

*Formulation codename: (vancomycin blend with the polymer mixture)-(polymer type, concentration %w/v)-(low or high concentration of vancomycin on the 
scaffold core) 
**Vancomycin 0.3%w/v was prepared using methanol as solvent. 
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2.6. Antibiotic-coated/ antibiotic-loaded scaffold physical 
characterization 

The antibiotic-coated/ antibiotic-loaded scaffolds were weight 
before and after coating via an analytical balance (CP225D, Sartorius, 
Germany). The surface morphology of uncoated and antibiotic-coated/ 
antibiotic-loaded scaffolds was observed using the scanning electron 
microscope (SEM). The samples were mounted on the stubs and then 
coated with gold by a sputter coater (Blazers SCD 040, Bal-Tec AG, 
Blazers, Liechtenstein). The images were captured using JSM-6610 LV 
InTouchScope™ (JEOL, Tokyo, Japan) at 15.0 kV accelerating voltage 
with low magnification (20×). 

2.7. Determination of antibacterial property 

The antibacterial property of the PBS-containing antibiotics obtained 
from the drug elution assay was determined using an agar disc diffusion 
(Kirby-Bauer) method. The protocol was based on the M100 Perfor
mance standards for antimicrobial susceptibility test, The Clinical and 
Laboratory Standards Institute (CLSI) guidelines, 30th edition. The PBS- 
containing antibiotics from three time periods in the drug elusion assay 
(1 h, 24 h, and day 14) were analyzed. The tested paper discs containing 
20 μL samples were placed on Mueller Hinton Agar (Difco™, Maryland, 
USA). S. aureus ATCC® 25923 and methicillin-resistant S. aureus (MRSA 
DMST 20654) were used as standard microorganisms for quality control 
of the tests in a density of approximately 1.5 × 108 CFU/mL. The agar 
plates were then incubated at 35 ± 2 ◦C for 16–20 h. The results were 
interpreted as sensitivity based on the inhibitory zone diameters (mm) 
around the discs. Each plate contained 5 tested papers, three of the 
tested samples, one negative control (20 μL of PBS), and one positive 
control (standard vancomycin 30 μg disc, Lot no. 2927437, Oxoid, UK). 

2.8. In vitro cytotoxicity assay 

In this set of experiments, the human osteosarcoma cell line (Saos-2, 
ATCC HTB-85™) was used. Cells were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco®, Life Technologies, USA) 
supplemented with 10% fetal bovine serum (FBS, triple 0.1 μm sterile 
filtered, Hyclone™, GE Healthcare Bio-Sciences, Austria) and 1% peni
cillin/streptomycin (Gibco®). Cells were incubated at 37 ◦C and 5% 
CO2. The handling and subculturing procedures were conducted ac
cording to ATCC recommendations with a subcultivation ratio of 1:2 to 
1:4. 

The in vitro cytotoxicity was conducted based on ISO 10993-5, 
Biological evaluation of medical devices, 3rd Edition, with some modi
fications. The treatments in the experiments were the PBS-containing 
antibiotics obtained at 1 h, 24 h, day 7, and day 14 incubation period 
in the drug elution assay. Thus, according to ISO 10993-5, the extraction 
vehicle was PBS (physiological saline solution and the extraction con
ditions were different incubation periods at 37 ◦C. 

Saos-2 cells were plated one day before the treatment in 96-well 
plates at a concentration of 1 × 104 cells per well. Cells were exposed 
to the treatments with the volume ratio of treatment: medium equal to 
1:1 (working volume is equal to 100 μL) for 24 and 48 h. At the end of 
the indicated incubation period, the treatment in each well was replaced 
with the MTT reagent (PanReac AppliChem ITW Reagents, Spain) in the 
serum-free medium at the concentration of 0.5 mg/mL. After 2 h, the 
MTT reagent was replaced with dimethyl sulfoxide (DMSO, Sigma- 
Aldrich, USA). The absorbance was recorded at 570 nm using a micro
plate reader. PBS was used as a negative control. Cell viability was 
determined as a percentage of the absorbance value of cells that were 
treated with PBS. All absorbance values were adjusted with a blank 
solution containing 100 μL of DMSO. 

2.9. Statistical analysis 

Data in graphical format are expressed as mean ± standard error of 
the mean (SEM). The statistical significance for the cell viability was 
performed using Two-way ANOVA with Dunnett multiple comparisons 
test to compare each type of coating with PBS-treated cells. The statis
tical significance of the scaffold weight variation was determined using 
Two-way ANOVA with Tukey multiple comparisons test to compare the 
mean difference in the same coating group, before coating, after coating, 
and after the drug elution assay. All statistical tests were performed 
using GraphPad Prism version 7.00 (GraphPad Software, CA, USA, www 
.graphpad.com). A p-value <0.05 was considered significant. 

3. Results 

3.1. Hydroxyapatite powder and hydroxyapatite scaffold fabrication 

In this study, HAp powder was obtained from the Nile tilapia and 
used for scaffold fabrication. The HAp scaffolds were fabricated using 
the P.U. sponge replication technique to obtain scaffolds with 1.2 cm in 
diameter (Fig. 1A) and 0.4 cm in thickness (Fig. 1B). The average weight 
of the scaffold was equal to 184 ± 23 mg (mean ± S.D., n = 40). 

3.2. Hydroxyapatite powder and hydroxyapatite scaffold 
characterization at the nanostructure level 

Hydroxyapatite obtained from the Nile tilapia bones was character
ized in the form of powder and scaffolds using XRF, XRD, and FT-IR. The 
element composition of HAp powder was analyzed via XRF. According 
to Table 2, the HAp powder obtained from fish bone has calcium (Ca) 
and phosphorus (P) as the main elements. They have some trace ele
ments, which are magnesium (Mg), sodium (Na), chlorine (Cl), potas
sium (K), strontium (Sr), silicon (Si), Zinc (Zn), and sulfur (S). These 
elements were the same elements found in human bones and teeth. 
Moreover, the calcium-to-phosphate ratio (Ca/P) was equal to 1.63, 
which is close to the perfect hydroxyapatite ratio (1.67) (Goto and 
Sasaki, 2014; Ishikawa et al., 1993). Thus, this HAp powder extracted 
from the Nile tilapia bones is suitable to be used as a scaffold starting 
material. 

Fig. 2 represents FT-IR spectra obtained from the HAp powder and 
the HAp scaffold (Fig. 2). The characteristic vibrations of hydroxyapatite 
at 3572, 1024, 964, 630, 600, and 564 cm− 1 were revealed in both 
samples (Reyes-Gasga et al., 2013; Ślósarczyk et al., 2005; Shaltout 
et al., 2011). There are two carbonate-substituted at the hydroxyl site 
(A-type) and phosphate site (B-type) of hydroxyapatite structure and 
carbonate group at the surface of the HAp powder (Benataya et al., 
2020; Nowicki et al., 2020). However, A-and B-types disappear in the 
scaffold. The small band at 946 and 984 cm− 1 indicate the presence of 
β-TCP and Mg-substituted beta-tricalcium phosphate (β-MgTCP) in the 
HAp powder and scaffold (Benataya et al., 2020; Nowicki et al., 2020; 
Cacciotti et al., 2009; Butler and Shahack-Gross, 2017). In addition, no 
vibration peak of polyurethane was observed. This indicates that the P. 
U. sponge was completely removed after the sintering process. 

Using the XRD, the quantitative phase analyses obtained from the 
Rietveld refinement method are shown in Fig. 3. The fittings revealed 
well converged between the experimental and calculated data with the 
nice goodness of fit (GOF) values of 2.92 and 2.04 for HAp powder and 
scaffold, respectively. Refinement parameters are also reported with 
excellent values; Rexp = 2.22, Rp = 2.81, Rwp = 3.97 for HAp powder and 
Rexp = 5.28, Rp = 5.88, Rwp = 7.54 for scaffold. The results showed that 
the powder contains 91.60% of hydroxyapatite, 8.40% of β-TCP 
(Fig. 3A). Interestingly, the content of the β-TCP phase increased 
(13.60%) and the α-TCP (12.50%) was observed after sintering at 
1400 ◦C for 5 h while that of the hydroxyapatite phase (73.90%) 
decreased (Fig. 3B). This suggests the phase transformation from hy
droxyapatite to TCP (Khamkongkaeo et al., 2021), which is consistent 
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with the FT-IR results. Furthermore, more crystallographic information, 
including lattice parameters and atomic coordinates, is reported in the 
supplementary section (Table S1). 

From all the above, it was found that the HAp powder made from the 
Nile tilapia bones has elements identical to human bones. This HAp 
powder is suitable as a starting material to build scaffolds. After the 
scaffold fabrication, the ratio of HAp and β-TCP changed, and the phase 
transformation of β-TCP to α-TCP was observed. Moreover, the incor
poration of Mg in the β -TCP structure of the HAp scaffold may not have 
a toxic effect on the cells, and it is important for the solubility properties 
and biological performance of the obtained scaffold (Ressler et al., 

2021). In addition, no P.U. residue remains after the sinister. Thus, the P. 
U.sponge replication technique is suitable for building scaffolds 
extracted from the Nile tilapia bones. Furthermore, the HAp scaffolds 

Fig. 1. The hydroxyapatite scaffold fabricated from the Nile tilapia bones. The scaffolds have a diameter equal to 1.2 cm (A) with 0.4 cm thickness (B).  

Table 2 
The composition in hydroxyapatite powder obtained from the X-ray fluores
cence spectroscopy, (XRF).  

Elements Amount Elements Amount 

%w/w at.% %w/w at.% 

Calcium (Ca) 34.7 31.26 Potassium (K) 0.19 0.18 
Phosphorus (P) 16.4 19.12 Strontium (Sr) 0.05 0.02 
Magnesium (Mg) 0.66 0.98 Silicon (Si) 0.02 0.02 
Sodium (Na) 0.78 1.22 Zinc (Zn) 0.02 0.01 
Chlorine (Cl) 0.07 0.07 Sulfur (S) 0.04 0.04 
Other elements* Balanced Balanced     

* Other elements such as carbon (C), oxygen (O), and hydrogen (H). 

Fig. 2. FT-IR spectra of the HAp powder (red) and HAp scaffold (green) in the 
wavenumber ranging from 4000 to 500 cm− 1. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. Rietveld structure refinement plot for the hydroxyapatite powder (A) 
and the hydroxyapatite scaffold (B). Data was obtained from XRD in the 2θ 
of 10–90◦. 
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obtained were high quality and suitable for biomedical applications. 

3.3. The antibiotic-coated/antibiotic-loaded scaffold formulations 

This study prepared three sets (12 formulations, 4 formulations per 
set) of antibiotic-coated/ antibiotic-loaded scaffolds. Details of all for
mulations were shown in Table 1. The formulation codename is divided 
into three parts. 1) V represents the formulation with vancomycin 
blended in the polymer coating solution. 2) PLGA20 or PLGA40 are the 
formulations with PLGA as a coating solution at 20%w/v or 40%w/v, 
respectively. PLA20 or PLA40 is the formulation with PLA as a coating 
solution at the concentration of 20%w/v or 40%w/v, respectively. 3) 
Lvanc represents the low vancomycin amount loaded into the scaffold. 

Hvanc represents the high vancomycin amount that was loaded into the 
scaffold. 

On the first set (Formulation 1–4), 400 μL of 0.3%w/v vancomycin 
was loaded into the scaffolds. Afterward, the scaffolds were coated with 
PLGA or PLA containing 0.03%w/v vancomycin and 20%w/v or 40%w/ 
v of polymer. Thus, Formulation 1–4 would have vancomycin in both 
the scaffolds and in the coating solution (the antibiotic-coated/ anti
biotic-loaded scaffolds). 

On the second set (Formulation 5–8), the scaffolds were also loaded 
with 0.3%w/v vancomycin (400 μL) prior to being coated with the PLGA 
or PLA at the polymer concentration of 20%w/v or 40%w/v. Formula
tion 5–8 contained the antibiotic only in the scaffolds but not in the 
coating (the antibiotic-loaded scaffolds). 

Fig. 4. The cumulative release profiles of vancomycin from the antibiotic-coated scaffold Formulation 1–4 (A), (B), Formulation 5–8 (C), (D), and Formulation 9–12 
(E), (F). The vancomycin release was monitored for 14 days. Data are expressed as mean ± SEM. 
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On the third set (Formulation 9–12), the scaffolds were loaded with 
0.3%w/v vancomycin (800 μL) before being coated with the PLGA or 
PLA (20%w/v or 40%w/v). Formulation 9–12 contained the antibiotic 
only in the scaffolds but not in the coating (the antibiotic-loaded scaf
folds). Although the second and third sets had similar coating solutions, 
Formulation 9–12 had higher vancomycin loaded in the scaffolds than 
Formulation 5–8. Formulation 9–12 contained the highest amount of 
drug, followed by Formulation 1–4 and Formulation 5–8, respectively. 

3.4. Vancomycin release profiles from the antibiotic-coated/ antibiotic- 
loaded scaffolds 

Fig. 4 represents the cumulative release of vancomycin from the 
antibiotic-coated/ antibiotic-loaded scaffolds. Three factors were 
involved in the formulation design; 1) adding vancomycin to the coating 
solution (comparing between Formulation 1–4 with Formulation 5–8), 
2) the amount of vancomycin used in the scaffold pretreatment 
(comparing between Formulation 5–8: low concentration and Formu
lation 9–12: high concentration), and 3) the types and concentrations of 
polymers in the coating solution. 

All 12 formulations can release vancomycin from the scaffolds. Most 
showed a rapid release in the first 72 h before reaching a plateau phase. 
Formulation 1–4 (Fig. 4A), which contains vancomycin both in the 
scaffold core and the coating, showed a slightly higher amount and 
faster drug release profile than Formulation 5–8, with no vancomycin in 
the coating solution (Fig. 4B). This is especially apparent when 
comparing F1[V-PLGA20-Lvanc] with F5[PLGA20-Lvanc] (Supplemen
tary fig. 2A). Thus, adding vancomycin to the coating solution can in
crease the drug release and accelerate the drug release into the 
environment. 

The amount of vancomycin used in the scaffold pretreatment is 
strongly associated with the drug release profile. Formulation 9–12, 
containing 800 μL of 0.3%w/v vancomycin, gave the cumulative release 
of approximately 2000 μg at day 14 (Fig. 4C). Formulation 5–8, con
taining 400 μL of 0.3%w/v vancomycin, gave the cumulative release of 
approximately 1000 μg at day 14 (Fig. 4B). Using a high amount of 
vancomycin gave higher cumulative drug release than using a low 
amount. However, there is no change in the release profile trend. They 
all reached a plateau phase within 72 h. 

This study used two types of polymers as a coating material: PLGA 
and PLA, with two concentrations, 20%w/v and 40%w/v. Overall, 
scaffolds coated with PLGA showed a faster drug release profile than 
PLA in the first 72 h (Fig. 4A, B, and C). This is as expected. PLGA and 
PLA are biodegradable polymers. Typically, PLGA copolymers degrade 
much faster than homopolymers such as PLA. In particular, the PLGA 
with the ratio of polylactic acid (PLA): poly glycolic acid (PGA) equal to 
50:50, which exhibits the fastest degradation, was employed in this 
study (Makadia and Siegel, 2011a). As a result, the scaffolds coated with 
PLGA obtained a faster drug release profile than those with PLA coating. 
Having a low PLGA concentration (Supplementary fig. 2A) in the 
coating solutions gave a faster drug release profile than a high PLGA 
concentration (Supplementary fig. 2B). Surprisingly, different coating 
concentrations in PLA slightly impacted the drug release profile (Sup
plementary fig. 2C and 2D). This could be the result of the slow degra
dation of PLA. According to Silva et al. (da Silva et al., 2018), the median 
half-life of PLA is 30 weeks. Another factor that can be involved is the 
viscosity of the coating solution. The relationship between PLA coating 
concentrations and the drug release profile needs further investigation. 

3.5. Physical characteristics of the antibiotic-coated/ antibiotic-loaded 
scaffolds before and after the drug elusion assay 

The scaffolds were weight before, after coating, and after 14 days of 
drug elution assay. Uncoated scaffolds’ weight was in the range of 
0.176–0.196 g. (mean). After coating, the weight increased to 
0.261–0.292 g. (mean). These significant weight changes (p < 0.001) 

came from the coating. Afterward, the antibiotic-coated/ antibiotic- 
loaded scaffolds were weight again at the end of the drug elution assay. 
After being incubated in the PBS for 14 days, the scaffolds’ weights were 
slightly reduced compared to the weight after coating but statistically 
insignificant (Supplementary fig. 3). 

The second set of formulation (Formulation 5–9) were chosen to 
study the surface morphology of the scaffolds before and after the drug 
elution assay (Fig. 5). There is no difference in the scaffold surface when 
comparing the antibiotic-loaded scaffolds (Formulation 5–8) and the 
blank polymer-coated scaffolds (Supplementary Fig. 4). Comparing the 
freshly coated scaffolds, all formulations (Fig. 5A, C, E, and G) showed 
the coating as seen by the different surface morphology when compared 
to the blank (uncoated) scaffold (Fig. 5I). PLA coating (F7[PLA20-Lvanc] 
(Fig. 5E) and F8[PLA40-Lvanc] (Fig. 5G)) gave thicker surface than 
PLGA coating (F5[PLGA20-Lvanc] and F6[PLGA40-Lvanc]). Moreover, 
comparing the same type of polymer, an increase in the PLGA concen
tration from 20%w/v (F5[PLGA20-Lvanc], Fig. 5A) to 40%w/v (F6 
[PLGA40-Lvanc], Fig. 5C) resulted in a thicker coating. However, this 
difference was not clearly seen in the PLA group. Increasing the PLA 
concentration from 20%w/v (F7[PLA20-Lvanc), Fig. 5E) to 40%w/v (F8 
[PLA40-Lvanc], Fig. 5G) had a slightly or no effect on coating thickness. 

After 14 days in the PBS solution, no change was observed using SEM 
in the blank scaffold group (Fig. 5J). However, all antibiotic-coated/ 
antibiotic-loaded scaffolds showed a trace of erosion (Fig. 5B, D, F, 
and H). This is consistent with the drug elution assay that all samples can 
release vancomycin into the environment. 

3.6. Antibacterial activities of the antibiotic-coated/ antibiotic-loaded 
scaffolds 

The antimicrobial properties of antibiotic-coated/ antibiotic-loaded 
scaffolds were tested against S. aureus and MRSA since both are the most 
common pathogen in orthopaedic infections (Latha et al., 2019; Chen 
et al., 2013). The experiments were conducted using the PBS-containing 
antibiotic solutions (supernatant) obtained from 3 designated time 
points (1 h, 24 h, and day 14) during the drug elution assay (Fig. 6). 
When comparing the bacterial types, the PBS-containing antibiotic so
lutions gave a larger inhibition zone in S. aureus treated than in MRSA 
treated. S. aureus is more susceptible to vancomycin than MRSA. When 
comparing formulations, pretreating the scaffold with high vancomycin 
concentration (Fig. 6C and D) resulted in a larger inhibition zone than 
the scaffolds that were pretreated with low vancomycin concentration 
(Fig. 6A and B). 

All formulations can inhibit S. aureus in all time points, except F6 
[PLGA40-Lvanc] at 1 h (Fig. 6A) and F10[PLGA40-Hvanc] at 1 h 
(Fig. 6C). This could come from the low amount of drug release at the 
beginning of the drug elution assay (Fig. 4D and F). The result is 
consistent with the drug elusion assay that scaffolds coated with PLGA 
20%w/v can release vancomycin faster than the scaffolds coated with 
PLGA 40%w/v. The inhibition zone at 24 h was the largest among the 
same coating groups. On day 14, Although the cumulative vancomycin 
release is not reduced (Fig. 4A, C, and E), the actual concentration inside 
the centrifugation tube is reduced by sampling the solution repeatedly at 
each designated time point. Thus, it is possible that the inhibition zone 
on day 14 was smaller than 24 h. 

MRSA results follow the same trend as S. aureus, except some for
mulations cannot exhibit antibacterial activity on day 1 and day 14 
(Fig. 6B and D). F6[PLGA40-Lvanc] showed no inhibition zone at 1 h, 
which is consistent with the result from S. aureus. F7[PLA20-Lvanc] and 
F8[PLA40-Lvanc] showed no sign of inhibition on day 14. This could be 
due to the low vancomycin concentration after sampling the solution 
many times. 

3.7. In vitro cell cytotoxicity 

The possible cytotoxicity of the antibiotic-coated/ antibiotic-loaded 
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Fig. 5. SEM micrographs represent antibiotic-coated/ antibiotic-loaded scaffolds (Formulation 5–8) obtained fresh after coating (A, C, E, G) and after submerged in 
PBS for 14 days (B, D, F, H). Blank or uncoated scaffold before (I) and after the submersion (J) are shown. Images were taken at 20× magnification. Scale bar 
represents 1 mm. 
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scaffolds and their degradation products were assessed via an MTT 
assay. The PBS-containing antibiotic collected from the drug elution 
assays (the extracts) at 4 different time points (1 h, 24 h, day 7, and day 
14) were studied. Saos-2 cells were exposed to the treatments for 24 h. 
Two sets of formulations, which are low vancomycin concentration 
(Formulation 5–8, Fig. 7A) and high vancomycin concentration 
(Formulation 9–12, Fig. 7B), showed relative cell viability (%) higher 
than 70. It can be concluded that all antibiotics-coated/ antibiotic- 
loaded scaffolds and their possible degraded products showed no sign of 
cytotoxicity according to ISO 10993-5. In all cytotoxicity tests, sodium 
lauryl sulfate (SLS) was used as a positive control with 6 concentrations 
ranging from 6.25 to 200 μg/mL to confirm the reliability of the result 
(Fig. 7D). 

The cell viability in various formulations on day 7 and day 14 
showed a very high % cell viability (p < 0.001). According to Fig. 7C, the 
blank scaffold can accelerate Saos-2 cell growth (≥ 200%) after being 
eluted in PBS for 24 h, day 7, and day 14. The surface of HAp scaffolds 
degraded and released HAp into the PBS solution. HAp found in the PBS 
solution can activate Saos-2 cell growth. This is consistent with the work 
by Wee et al. that HAp microparticles can degrade in physiological 
conditions (Wee et al., 2022). 

Cell viability from the extracts incubated with blank scaffolds for 24 
h can stimulate cell growth (Fig. 7C). However, cells that were treated 
with the extracts incubated with antibiotic-coated/ antibiotic-loaded 
scaffolds for 24 h showed no sign of cell growth beyond the PBS-treated 
group (Fig. 7A and B). It is possible that coating the scaffold with anti
biotic and polymer gives a shielding effect, protects the HAp surface 

from erosion, and retard the HAp release to the medium. 
The HAp scaffolds made from the Nile tilapia bones can stimulate 

bone cell growth. This result was consistent with previous studies using 
HAp from various sources. Sari et al. (Sari et al., 2021) synthesized the 
HAp scaffolds from abalone mussel shells and found that the scaffolds 
can facilitate the attachment of MC3T3-E1 bone cells. Surya et al. (Surya 
et al., 2021) fabricated the HAp in the form of nano-HAp from fish bone 
(Sardinella longiceps). This nano-HAp can increase the cell viability of the 
human osteoblast bone cells (MG-63) to 140% at a concentration of 100 
μg/mL (Surya et al., 2021). Guarino et al. found that adding HAp par
ticles into the polymeric scaffolds enhances the scaffold bioactivity and 
osteoblast cell response (Guarino et al., 2009). 

4. Discussion 

According to this study, it was found that the HAp powder made from 
the Nile tilapia bones has elements identical to human bones. This HAp 
powder is suitable as a starting material to build scaffolds. After the 
scaffold fabrication, the ratio of HAp to β-TCP changed, and the phase 
transformation of β-TCP to α-TCP was observed. The increased β-TCP in 
the scaffolds can benefit bone cells. β-TCP is one of the most potent bone 
graft substitutes because of its biocompatibility, osteoconductive and 
osteoinductive properties (Bohner et al., 2020; Tang et al., 2017). Re
ports suggest that β-TCP has better osteoinductivity than HAp (Hou 
et al., 2022). Ogose et al. compare β-TCP and HAp as bone substitutes 
after bone tumor excision in 23 patients. It was found that the β-TCP 
gave better bone remodeling results and superior osteoconductivity than 

Fig. 6. Inhibition zone of S. aureus (A, C) and MRSA (B, D) of the PBS containing antibiotic solution obtained from 8 different scaffold formulations (Formulation 
5–8, A-B and Formulation 9–12, C–D) that incubated in PBS for 1 h, 24 h, and 14 days. Data are expressed as mean ± SEM. # represents no inhibition zone (0 mm). 
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HAp (Ogose et al., 2005). 
From the FT-IR results, no P.U. residue remains after the sinister. 

Thus, the P.U.sponge replication technique is suitable for building 
scaffolds extracted from the Nile tilapia bones. Furthermore, the HAp 
scaffolds obtained were of high quality and suitable for biomedical 
applications. 

These experimental sets showed that the antibiotic release profile 
could be tailored by adding antibiotic(s) in the coating, adjusting the 
amount of the drug in the scaffold as a pretreatment, and changing the 
polymer type/concentration in the coating solution. Besides all these 
factors, there are other variables. Since PLGA and PLA are degraded 
through the hydrolysis of the polyester backbone, the surface area 
exposed to the liquid environment plays an important role. The size of 
pores inside the scaffold, pore number per volume, and the interpor
econnectivity of the 3D structure (tortuosity) directly affect the surface 
area and, therefore, the drug release kinetics (Rambhia and Ma, 2015). 

To build a scaffold, the mechanical property is also another factor to 
consider. The mechanical properties of these scaffolds are typically 
measured using the standard test method used for compressive proper
ties of rigid plastics (ASTM D695–15) (ASTM S. D695, 2008). The 
standard test specimen must have a specific shape, length, and be cy
lindrical. On the other hand, the HAp scaffold in our study was designed 
in a coin shape. As a result, they are ineligible for mechanical property 
testing. It is well-known that HAp has poor mechanical properties. It has 
low tensile strength with low compressive strength (Ielo et al., 2022). 
There are reports suggesting that HAp mechanical properties can be 
improved by blending or coating polymers. According to Guo et al., 

coating PLA on HAp nanowires can improve mechanical performance 
(Guo et al., 2020). Zusho et al. found that coating PLA on HAp scaffolds 
can increase Young’s modulus and compressive strength (Zusho et al., 
2020). Coating the scaffolds with PLGA can reinforce the scaffold 
strength but not as much as PLA (Guo et al., 2020). 

Correlating the in vitro drug release to the in vivo drug profiles is 
always challenging in pharmaceutical development. In this study, most 
vancomycin was released in the first 72 h. These release rates at the in 
vitro level may not fully reflect the drug release in humans. Although the 
polymer degradation rate dictates the drug release kinetics, other factors 
are involved. The drug elution study was conducted in the shaking 
incubator where the surrounding liquid offered a sink condition, and the 
stagnant layer was thin (Frenning, 2011). In the human body, scaffolds 
may be exposed to limited amounts of exudate with low liquid exchange 
rates. Moreover, enzymatic degradation may play a role in the PLGA and 
PLA degradation mechanisms (Makadia and Siegel, 2011b). These fac
tors may alter the drug release rate in humans. 

The amount of vancomycin released plays a vital role in the anti
bacterial effect. In this study, all formulations with high vancomycin 
concentrations can inhibit S. aureus and MRSA at all designated time 
points. In contrast, some samples obtained from the low vancomycin 
concentration formulations can inhibit bacteria, and some cannot. In the 
drug elution assay, the PBS volume was fixed at 30 mL. However, in the 
actual circumstance, the wound exudate or the wound drainage volume 
is an uncontrollable factor. It depends on the severity of the wound and 
infection, the surgical site, and surgical techniques. These factors must 
be considered when developing antibiotic(s)-coated/ antibiotic-loaded 

Fig. 7. Relative cell viability (%) of Saos-2 cells after treated with the PBS-containing antibiotic solution for 24 h. The PBS-containing antibiotic solutions obtained 
from the drug elution assay using different scaffold formulations (Formulation 5–8, A; Formulation 9–12, B). The PBS extracted from blank (untreated) scaffolds were 
also tested (C). SLS concentration ranging from 6.25 μg/mL to 200 μg/mL was used as a positive control in all experiments (D). Data are expressed as mean ± SEM. 
Two-way ANOVA with Dunnett multiple comparisons test was performed. ***p < 0.001. 
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scaffolds. 

5. Conclusions 

To the best of our knowledge, this is the first study to show that the 
HAp powder extracted from the Nile tilapia bones can be fabricated into 
scaffolds. These HAp scaffolds have positive effects on bone cells. These 
fish bones considered waste products, can potentially be converted into 
raw material for biomedical applications in the near future. Besides the 
scaffold core, the antibiotic-coating scaffolds were developed with 12 
different formulations. The antibiotic release rate could be tailored using 
different polymer types and concentrations and by varying the amount 
of antibiotic inside the coating solution and the scaffold core. These 
scaffolds can inhibit bacterial growth with no sign of cytotoxicity to 
bone cells. 
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