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luation of amoxicillin loading and
release behavior from waste-derived
hydroxyapatite synthesized by solid-state and wet
chemical routes
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Nazmul Islam Tanvird and Samina Ahmed *a

This study presents a comparative analysis of amoxicillin loading and release behaviors of hydroxyapatite

(HAp) synthesized by two methods, solid-state reaction (S-HAp1000) and wet chemical precipitation (W-

HAp1000) using waste chicken eggshells as the calcium source and calcination at 1000 °C for 2 hours.

Structural and morphological characterization revealed significant differences: S-HAp1000 exhibited

a biphasic composition with 75.5% HAp and 24.5% b-TCP based on Rietveld refinement, larger crystallite

size (88 nm), and higher amoxicillin entrapment efficiency (11.63%), while W-HAp1000 exhibited 99.6%

phase-pure HAp, smaller crystallite size (83 nm), and lower entrapment efficiency (7.28%). Drug release

in simulated body fluid (SBF) at pH 7.4 and 4.0 showed that W-HAp1000 released 62.96% and 79.18% of

amoxicillin respectively, compared to 44.66% and 66.01% for S-HAp1000. Release kinetics revealed that

amoxicillin release from S-HAp1000 followed an anomalous (non-Fickian) transport mechanism at

physiological pH (7.4), which shifted toward a diffusion-controlled (Fickian) mechanism under acidic

conditions (pH 4.0). In contrast, W-HAp1000 exhibited a concentration-dependent, zero-order release

profile at pH 7.4, transitioning to a case II transport mechanism, characterized by matrix relaxation or

erosion at pH 4.0. W-HAp1000 also showed broader antibacterial activity, inhibiting both S. aureus and

E. coli, whereas S-HAp1000 was only effective against S. aureus. These findings suggest that synthesis

methodology significantly influences the drug delivery performance of HAp for osteomyelitis therapy.
1 Introduction

Hydroxyapatite (HAp), a naturally occurring calcium phosphate
compound with the chemical formula Ca10(PO4)6(OH)2, is the
principal mineral component of bone and teeth, making it one
of the most widely studied biomaterials in the eld of
biomedical engineering.1–3 Its excellent biocompatibility,
osteoconductivity, and similarity to the inorganic matrix of
human hard tissues make it highly suitable for bone regener-
ation, orthopedic implants, dental materials, and drug delivery
systems.4–7 HAp can be synthesized from a wide variety of
calcium sources, including chemical precursors such as,
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CaCO3, Ca(NO3)2, CaCl2, etc. and biological waste materials
such as eggshells, seashells, and sh bones, which makes it
a sustainable and economical choice for biomedical applica-
tions.8 Among the various synthetic approaches, HAp can be
prepared through solid-state reaction, wet chemical precipita-
tion, sol–gel methods, hydrothermal treatment, and biomi-
metic processes.9–12 The properties of HAp such as crystallinity,
particle size, surface area, and phase purity are heavily inu-
enced by the synthesis conditions, including temperature, pH,
precursor ratio, and calcination protocol.13 Owing to its high
surface activity and tunable physicochemical properties, HAp
has gained increasing attention as a matrix for loading and
delivering therapeutic agents, especially antibiotics for local-
ized treatment of bone infections.14–16

It is well-documented that the synthesis method used for
preparing HAp signicantly affects its nal structural,
morphological, and functional characteristics. Solid-state
synthesis, typically involving mechanical mixing and high-
temperature calcination, produces highly crystalline materials
but oen leads to secondary phase formation, such as b-tri-
calcium phosphate (b-TCP), due to incomplete homogenization
RSC Adv., 2025, 15, 35617–35633 | 35617

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra06021d&domain=pdf&date_stamp=2025-09-26
http://orcid.org/0000-0002-9488-9802
http://orcid.org/0009-0008-6232-1818
http://orcid.org/0009-0003-4582-5209
http://orcid.org/0000-0001-5912-8824
http://orcid.org/0009-0007-5756-4834
http://orcid.org/0000-0001-8273-8559
http://orcid.org/0000-0001-6626-3610
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06021d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015042


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

53
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at the atomic scale.13,17 On the other hand, wet chemical
precipitation offers superior control over stoichiometry and
particle morphology through solution-based reactions, yielding
phase-pure HAp with ner particles and greater surface homo-
geneity.18 These variations can directly inuence the perfor-
mance of HAp in applications such as drug delivery, where
parameters like crystallinity, porosity, and surface chemistry
govern the drug loading capacity and release kinetics.7,19 The
choice of synthesis method of HAp is also crucial as it inu-
ences the in vivo performance. For instance, the wet chemical
method typically yields HAp with smaller crystallite size and
higher surface area, which are crucial for promoting osteoin-
duction during bone regeneration.20 This synthesis route is also
favorable for better biodegradation rate and ensuring resorb-
ability of the scaffold as the new bone tissue forms.21,22 On the
other hand, solid-state method with better thermal stability and
crystallinity, oen results in HAp with a slower biodegradation
rate. The presence of a secondary, more resorbable b-tricalcium
phosphate phase in the solid-state synthesized HAp could
mitigate this effect, but the overall greater crystallinity of the
material still suggests a more stable structure compared to the
nanocrystalline HAp from the wet chemical route.23,24 Therefore,
a systematic comparison of HAp synthesized by different
methods is essential for tailoring its performance in specic
biomedical applications. This study aims to evaluate the inu-
ence of two common synthetic routes, solid-state and wet
chemical precipitation on the drug delivery behavior of HAp,
with a focus on amoxicillin as the model drug.

Bone-related infections, including osteomyelitis, present
a serious clinical challenge due to their chronic nature and
resistance to conventional systemic antibiotic treatments.25

Targeted drug delivery using bone-mimicking carriers like HAp
offers a promising alternative by ensuring localized, sustained
release of antibiotics directly at the infection site, thereby
minimizing systemic side effects and enhancing therapeutic
efficacy.26 Amoxicillin, a broad-spectrum b-lactam antibiotic, is
widely used for treating infections caused by Staphylococcus
aureus, a key pathogen implicated in osteomyelitis. Its mecha-
nism of action involves inhibiting bacterial cell wall synthesis,
making it highly effective against Gram-positive bacteria.27,28

However, to achieve optimal efficacy, especially in localized
infections, amoxicillin must be delivered in a controlled and
sustained manner. HAp, owing to its high affinity for
phosphate-based antibiotics and bioactive nature, serves as an
excellent matrix for amoxicillin delivery. Evaluating the drug
loading and release performance of HAp prepared via different
synthesis methods is therefore highly relevant for advancing
therapeutic strategies in bone infection management.

In this work, a comparative study was undertaken to inves-
tigate the impact of synthesis methodology on the drug loading
and release behavior of HAp derived from waste chicken
eggshells. Two distinct approaches were employed: a high-
temperature solid-state method (S-HAp1000) and a wet chem-
ical precipitation method (W-HAp1000). Chicken eggshell was
utilized as the source of Ca. The resulting samples were char-
acterized using a suite of techniques including XRD, FTIR,
Raman spectroscopy, FESEM, TEM, and DLS to identify
35618 | RSC Adv., 2025, 15, 35617–35633
structural and morphological differences. Subsequently, the
samples were evaluated for their amoxicillin loading efficiency,
in vitro drug release kinetics under physiological and acidic pH
conditions, and antibacterial performance against Staphylo-
coccus aureus and Escherichia coli. This study not only explores
how synthetic methodology shapes the physicochemical prop-
erties of HAp, but also how these variations affect its function as
a drug delivery platform, particularly in the context of localized
bone infection treatment.
2 Materials and methods
2.1. Materials

The pivotal raw material used in this experiment was waste
chicken eggshell which was collected from different food shops
of University of Dhaka. White shells of chicken egg were mostly
present in the waste. These shells are a huge source of Ca (94–
97%) which is normally present as CaCO3.19 Diammonium
hydrogen phosphate ((NH4)2HPO4) and phosphoric acid
(H3PO4) were procured from Merck, Germany and ammonia
solution (NH4OH) was procured from Scharlau, Spain. Amoxi-
cillin was procured from Merck, India. De-ionized water (DI)
was used in all solution preparations.
2.2. Methods

2.2.1. Processing of chicken eggshells into powder. The
collected waste chicken eggshells were washed to remove dirt.
Then, they were boiled at 100 °C for an hour to harden the inner
membrane, making it easier to remove. Aer that, the eggshells
were dried in an oven at 105 °C to remove moisture. Once dried,
they were ground in a ball mill (MTI Corporation, model: MSK-
SFM-1) at 450 rpm for 2 hours.

2.2.2. Solid-state preparation of hydroxyapatite. The solid-
state preparation of HAp was carried out by following our
previously reported technique.9,13,29 Based on the theoretical
ratio of Ca/P as 1.67, a 20 g of waste chicken eggshell powder
was mixed with 15 g of (NH4)2HPO4 in an alumina pot where 16
yttrium stabilized ZrO2 balls of different diameter were added
for milling purposes. Two pots with the same amounts of
ingredients and balls were placed at opposite positions of the
ball mill and the milling operation was continued for 6 hours at
450 rpm. Once milled, the powdered mixture was placed in
a ceramic dish and subjected to calcination at 1000 °C at
a heating rate of 10 °C per minute for 2 hours. The calcined
sample was labelled as S-HAp1000 and stored in air tight
conditions.

2.2.3. Wet chemical preparation of hydroxyapatite. At rst,
20 g of powdered eggshell was subjected to calcination at 900 °C
at a heating rate of 5 °C per minute for 60 minutes in order to
convert the CaCO3 into CaO. This heat treatment process also
helps in the removal of organic contaminants from the
eggshell.19 Considering the theoretical ratio of Ca/P as 1.67,
a 5.6 g of freshly prepared CaO was weighed, placed in a beaker,
mixed with 100 mL of DI water and stirred for 60 minutes in
order to convert the CaO into Ca(OH)2 which ismade sure by the
evolution of heat as this is an exothermic reaction. In the just
© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared Ca(OH)2 solution, 0.6 M 100 mL H3PO4 solution was
slowly added dropwise by maintaining constant magnetic stir-
ring condition. White precipitate of calcium phosphate started
to appear with the addition of phosphoric acid. Once the
addition completed, stirring was continued for half an hour and
then NH4OH was used to reach the pH of the solution to 11.
Stirring was maintained during pH adjustment and continued
for an additional 4 hours aerward. The solution was kept
overnight at static condition for aging and the total procedure
was carried out at room temperature. The white precipitate was
separated by vacuum ltration and subjected to oven drying at
105 °C for several hours until constant weight. The dried sample
was hand-ground by mortar and pestle, followed by calcination
at 1000 °C at a heating rate of 10 °C per minute for 2 hours. The
calcined sample was labelled as W-HAp1000 and stored in
airtight conditions. The synthesis scheme of S-HAp1000 and W-
HAp1000 is illustrated in Fig. 1.

2.2.4. Methods used for characterization. The prepared S-
HAp1000 and W-HAp1000 samples were subjected to instru-
mental characterization techniques such as X-ray powder
diffractometry (XRD) (Rigaku Smart Lab XRD, CuKa radiation=

1.54060 Å, operation at 40 kV and 50 mA). Search and match
operation was carried out by X'Pert HighScore Plus soware and
Rietveld renement was done by Profex 5.4.1. package.
Morphology analysis was done by both Field Emission Scanning
Electron Microscopy (FESEM) (JEOL JSM-7610F) and Trans-
mission Electron Microscopy (TEM) (Talos F200X G2).
Fig. 1 Synthesis scheme of HAp, starting with chicken eggshell waste f
routes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Elemental analysis was carried out by Energy Dispersive X-ray
spectroscopy (EDS) with the aid of FESEM and TEM instru-
mentation. Fourier-transform infrared spectroscopy (FTIR)
(MIRacle10 ATR- IR Prestige21) and Raman spectroscopy
(HORIBA Macro-RAM) helped in functional group analysis. UV-
Visible absorption measurements were taken by Hitachi U-2910
spectrophotometer.

2.2.5. Formulation of simulated body uid (SBF) solution.
For the comparative study of in vitro amoxicillin release from
the prepared HAp samples, a metastable buffer solution, also
called SBF, was prepared according to the procedure reported by
Tas.30 This procedure is an alteration of the previously reported
procedure of Kokubo et al.31 We also implemented this tech-
nique for SBF preparation in our previous study.7,19 The most
signicant change in Tas's method is the increased concentra-
tion of bicarbonate ion (HCO3

−) from 4.2 mM to 27 mM which
xes the deciency problem in traditional methods. Addition-
ally, the chloride ion (Cl−) concentration was reduced from
147.8 mM to 125 mM, as human blood plasma contains only
103 mM of Cl− ions. Table 1 reports the chemicals, their purity
and amount used for the preparation of SBF solution (pH 7.4) in
this study compared to Tas's procedure.

2.2.6. Drug release assessment in SBF solution. Before
assessing the release of amoxicillin from the synthesized S-
HAp1000 and W-HAp1000 samples, the drug was rst loaded
onto the materials. A 100-ppm stock solution of amoxicillin was
prepared in DI water. For drug loading, 250 mg of each sample
ollowed by preparation by solid-state and wet chemical precipitation

RSC Adv., 2025, 15, 35617–35633 | 35619
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Table 1 List of chemicals used for the preparation of SBF solution at 37 °C

Order of addition

Chemical name, formula
and molecular weight
(g mol−1) Country of origin and purity

Amount used in the
method of Tas30

Amount used
for this study

1 Sodium chloride (NaCl);
58.44

Merck Germany; 99.5% 6.547 6.5456

2 Sodium bicarbonate
(NaHCO3); 84.01

Merck Germany; 99.5% 2.268 2.2671

3 Potassium chloride (KCl);
74.55

Merck Germany; 99.5% 0.373 0.370

4 Disodium phosphate
(Na2HPO4); 156.01

Merck Germany; 98% 0.178 0.179

5 Magnesium chloride
hexahydrate (MgCl2$6H2O);
203.30

Merck Germany; 99% 0.305 0.3014

6 Calcium chloride dihydrate
(CaCl2$2H2O); 147.02

Merck Germany; 99.5% 0.368 0.3616

7 Sodium sulfate (Na2SO4);
142.04

Merck Germany; 99% 0.071 0.076

8 Tris(hydroxymethyl)
aminomethane
((CH2OH)3CNH2); 121.14

Scharlau Spain; 99.8% 6.057 6.054
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was weighed separately into 100 mL beakers, followed by the
addition of 50 mL of the amoxicillin solution. The mixtures
were magnetically stirred at room temperature for 2 hours to
ensure thorough adsorption.

Aer stirring, the amoxicillin-loaded samples were separated
via vacuum ltration using a 0.2 mm microlter. The collected
samples were then dried at 60 °C for 3 hours. The absorbance of
both the initial amoxicillin stock solution and the ltrates was
measured at 228 nm using a UV-Vis spectrophotometer. A
calibration curve (R2 = 0.9909) was established using amoxi-
cillin solutions of varying concentrations (2, 4, 6, 8, and 10 ppm)
to determine the unknown concentrations.

The entrapment efficiency and loading capacity of the S-
HAp1000 and W-HAp1000 samples for amoxicillin were calcu-
lated using the following equations.
Entrapment efficacyð%Þ ¼ initial concentration of amoxicillin� concentration of amoxicillin in filtrate

initial concentration of amoxicillin
� 100 (1)
Loading capacityð%Þ ¼ total amoxicillin encapsulated

weight of carrier
� 100

(2)

The release prole of amoxicillin from S-HAp1000 and W-
HAp1000 samples was assessed in simulated body uid (SBF)
at two different pH levels (7.4 and 4.0) at RT. From the dried
amoxicillin-loaded samples, 50 mg of each material was
weighed, placed into conical asks, and mixed with 25 mL of
35620 | RSC Adv., 2025, 15, 35617–35633
SBF (pH 7.4 or pH 4.0). The asks were then placed in an orbital
shaker set at 100 rpm at room temperature. At predetermined
time intervals, 3 mL aliquots were withdrawn for UV absorbance
measurements at 228 nm. Each withdrawn volume was imme-
diately replaced with fresh SBF to maintain the total solution
volume. Shaking was continued for 5 hours, and the cumulative
release of amoxicillin from S-HAp1000 and W-HAp1000 at both
pH conditions was calculated using the following equation.7,19

Cumulative amoxicillin releaseð%Þ

¼ amount of amoxicillin in SBF solution

initial amount of amoxicillin loaded on HAp samples

� 100 (3)
2.2.7. Antibacterial activity assessment. The antibacterial
activity of the amoxicillin loaded HAp samples was examined
against Staphylococcus aureus (Gram-positive, ATCC 29737) and
Escherichia coli (Gram-negative, ATCC 11229), following the
agar-well diffusion technique, as outlined in previous
studies.32,33 In this method, sterile Mueller–Hinton Agar (MHA)
medium (20–25 mL) was poured into 90 mm Petri dishes and
le to solidify. An aliquot of 50 mL from freshly cultured
bacterial suspensions (∼105 cells per 100 mL, OD600 = 0.05) was
uniformly distributed over the agar surface using a sterile
cotton swab. Wells of 6 mm diameter were created using
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a sterile cork-borer, and 100 mL of various concentrations of the
samples (ranging from 0.1 to 0.5 mg mL−1) were carefully
added. Tetracycline discs served as the positive control, while
dimethyl sulfoxide (DMSO) was used as the solvent control. The
prepared plates were incubated at 37 °C for 24 hours, and the
diameters of inhibition zones were measured using a scale.34

2.2.7.1. MIC and MBC determination. The minimum inhib-
itory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of the samples against Staphylococcus aureus were
evaluated via the broth microdilution method. The MIC and
MBC determinations were conducted only against Staphylo-
coccus aureus, as it is the primary causative agent of osteomye-
litis.19 Serial dilutions of the test solutions were prepared at
concentrations ranging from 0.02 to 1.0 mg mL−1. Fresh
bacterial suspensions (∼105 cells per 100 mL, OD600 = 0.03–
0.05) were cultured in Mueller–Hinton Broth (MHB) containing
the different test concentrations and incubated at 37 °C for 24
hours. A bacterial suspension without test sample acted as the
positive control, and MHBmedium alone served as the negative
control. Aer incubation, MIC and MBC were determined by
comparing the turbidity of treated samples to the controls.
Absorbance at 600 nm was recorded using a UV-Visible spec-
trophotometer to assess cell density.

2.2.7.2. Cytotoxicity assessment. The cytocompatibility of
amoxicillin-loaded HAp samples was assessed using Vero cells
(African green monkey kidney epithelial cell line).35,36 Cells were
cultured in DMEM supplemented with 10% fetal bovine serum
and antibiotics, and seeded in 96-well plates (1.5× 104 cells/100
mL). Aer 24 h incubation at 37 °C in 5% CO2, 25 mL of 100 mg
mL−1 for each sample was added, and cells were further incu-
bated for 24 h. Viability was evaluated under a microscope and
quantied using an automated cell counter. Cell viability (%)
was calculated as the ratio of live to total cells × 100.

2.2.7.3. Statistical analysis. All experiments were indepen-
dently performed in triplicate (n = 3). The results are presented
as the mean ± standard deviation (SD).

3 Results and discussion
3.1. Powder X-ray diffraction (PXRD) analysis

The PXRD patterns of the synthesized S-HAp1000 and W-
HAp1000 samples, shown in Fig. 2a, revealed differences in
the phase compositions. For S-HAp1000, the diffraction peaks
can be indexed to a biphasic system which comprises both HAp
(matching ICDD le 01-074-0566) and b-tricalcium phosphate
(b-TCP, matching ICDD le 00-009-0169) phases. The formation
of b-TCP in the solid-state synthesis route can be attributed to
localized non-stoichiometry and inhomogeneousmixing during
ball milling, which introduce structural defects and Ca-
decient regions. Upon thermal treatment, these defects facil-
itate dehydroxylation and partial decomposition, resulting in b-
TCP formation.37 This biphasic nature is commonly observed in
calcium phosphate ceramics synthesized by solid-state routes
due to the lack of atomic-level mixing and the high-temperature
calcination required for phase crystallization.9,13,29 Rietveld
renement quantied the S-HAp1000 sample as consisting of
75.5% HAp and 24.5% b-TCP phases (Fig. 2b).
© 2025 The Author(s). Published by the Royal Society of Chemistry
In contrast, the XRD pattern of W-HAp1000 showed well-
dened peaks corresponding to HAp which matches closest to
ICDD le 01-074-0565. The Rietveld renement conrmed
a phase purity of 99.6% HAp, with only 0.4% b-TCP detected.
This superior phase purity is attributed to the solution-based
wet chemical method, which ensures homogeneous mixing at
the molecular level, precise control over stoichiometry and pH,
and facilitated nucleation and growth of stoichiometric HAp
crystals. The aging step further promotes crystallization and
ordering, minimizing the formation of secondary phases even
aer high-temperature calcination.38,39 The Rietveld-rened
XRD patterns of the synthesized samples are presented in
Fig. S1.

3.1.1. Analysis of crystallographic parameters. Assessment
of crystallographic parameters is vital for grasping, as well as
tuning the properties of a particular material for a specic
application. For materials like HAp, crystallographic parame-
ters inuence its performance when subjected to a particular
application.7,9,40 Various crystallographic parameters of the
synthesized HAp samples, such as lattice dimensions, volume
and density of unit cell, relative intensity, preference growth,
micro-strain, crystallite size, dislocation density, degree of
crystallinity and crystallinity index were assessed and presented
in Table 2.

The lattice parameters of the two HAp samples are nearly
identical and consistent with standard ICDD reference data.
The unit cell volume and density remained nearly the same for
both samples, indicating structural consistency at the atomic
level. However, differences were observed in microstructural
features, where S-HAp1000 exhibited larger crystallite size
compared to W-HAp1000. In contrast, the wet chemical method
resulted in slightly higher microstrain and dislocation density,
reecting greater lattice imperfections likely due to lower-
temperature processing steps prior to calcination. These
imperfections also contributed to its lower degree of crystal-
linity compared to the solid-state HAp, indicating that the solid-
state method produced more ordered and well-dened crystals.
Additionally, the crystallinity index of both samples was close,
showing that both methods yield reasonably crystalline mate-
rials, although the solid-state method yielded slightly better
result in overall structural order. These differences indicates
that the way HAp is synthesized can strongly affect its crystal
structure, which may impact how well it works in drug delivery
applications.

Another important crystallographic parameter for poly-
crystalline materials is texture coefficient (TC) which describes
the preferred orientation of crystals. Preferred orientation refers
to the alignment of crystals in a material such that certain
crystallographic planes are more parallel than others, affecting
XRD peak intensities and inuencing properties like strength
and bioactivity in materials like HAp.41,42 TC is calculated using
X-ray diffraction data by comparing the intensity of specic
diffraction peaks in the sample to those in a standard reference.
This comparison helps identify which crystallographic planes
are more prominently aligned in the material, indicating
a deviation from random orientation. Following equation was
employed for calculating TC of the HAp samples.43
RSC Adv., 2025, 15, 35617–35633 | 35621
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Fig. 2 (a) XRD patterns; (b) results of Rietveld refinement quantification; (c) comparative visualization of texture coefficients of selected planes;
and (d) crystallite size calculation by Williamson–Hall (W–H), Halder–Wagner (H–W) and size-strain plot (SSP) methods, of the HAp samples
prepared via solid-state and wet chemical method utilizing waste chicken eggshell as the precursor of Ca.
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TCðhklÞ ¼
IsampleðhklÞ

�
IstandardðhklÞ

1

N

XN
n¼1

�
IsampleðhklÞ

�
IstandardðhklÞ

� (4)

Here, Isample (hkl) and Istandard (hkl) represents the measured and
standard intensity of the (hkl) reection and N is the total
number of considered reections. Calculation of preferred
orientation of the selected crystallographic planes (planes with
RI equal or greater than 20% were selected) for both HAp
samples are presented in Table 3 and a comparative illustration
is shown in Fig. 2c.

The TC values presented in Fig. 2c shows the preferential
orientation of different crystallographic planes of HAp samples.
Both samples exhibit non-random orientation across the
35622 | RSC Adv., 2025, 15, 35617–35633
measured planes, as indicated by TC values deviating from 1.
Especially, for the S-HAp1000 sample, the (130) plane shows the
highest TC which is the indication of a strong preferred growth
along this direction. In contrast, the W-HAp1000 sample
displays a slightly lower but still prominent TC for the same
plane. Interestingly, the W-HAp1000 sample shows a higher TC
than S-HAp1000 in the (213) plane, indicating a relatively
stronger orientation preference along this plane. Essentially,
the solid-state synthesized sample shows slightly more
pronounced orientation in specic planes, which could
contribute to improved structural properties.

The measured crystallite size of the HAp samples through
Scherrer equation gives an indication that the crystallites are in
the micro meter range. For microcrystalline materials, Scherrer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculation of texture coefficient of S-HAp1000 and W-HAp1000

Sample
Crystal
plane

Isample

(hkl)

Istandard
(hkl)

Isample (hkl)/
Istandard (hkl)

Average,

1

N

XN
n¼1

ðIsampleðhklÞ=IstandardðhklÞÞ Texture
coefficient (TC)

Orientation
(TC > 1 preferred TC < 1
suppressed TC = 1 random)

S-HAp1000 (002) 1058 35.7 26.64 218:92

8
¼27:37

0.97 Suppressed
(211) 2520 100 25.20 0.92 Suppressed
(112) 1238 51.5 24.04 0.88 Suppressed
(300) 1645 61.3 26.84 0.98 Suppressed
(202) 608 21.0 28.95 1.06 Preferred
(130) 659 20.5 32.15 1.17 Preferred
(222) 784 28.1 27.90 1.02 Preferred
(213) 846 31.3 27.20 0.99 Suppressed

W-HAp1000 (002) 1116 35.3 31.61 287:77

8
¼35:97

0.88 Suppressed
(211) 3406 100 34.06 0.95 Suppressed
(112) 1640 52.0 31.54 0.88 Suppressed
(300) 2164 60.9 35.53 0.99 Suppressed
(202) 755 20.8 36.29 1.01 Preferred
(130) 819 20.0 40.95 1.14 Preferred
(222) 1042 28.1 37.08 1.03 Preferred
(213) 1270 31.2 40.71 1.13 Preferred
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equation alone is not sufficient because it neglects factors like
microstrain and instrument-related peak broadening. To obtain
a more accurate estimation of crystallite size, Williamson–Hall
method (W–HM), Halder–Wagner method (H–WM) and size-
strain plot method (SSPM) were also employed. The respective
equations for these methods are as follows.

bcosq ¼ Kl

D
þ 43sinq (5)

�
b

tanq

�2

¼ Kl

D
� bcosq

sin2
q
þ 1632 (6)

ðdbcosqÞ2 ¼ Kl

D
� �d2

bcosq
�þ 32

4
(7)

Linear tting of the plots of b cos q versus 4 sin q, (b/tan q)2

versus (b cos q/sin2 q), and (db cos q)2 versus d2b cos q will result
in intercept, slope, and slope equal to Kl/D, for W–HM, H–WM
and SSPM, respectively. The linear tted plots of these methods
are presented in Fig. 3 and the comparative results are pre-
sented in Fig. 2d. Highest value of Coefficient of determination
(R2) was the basis of selecting the best suited method for
selecting the crystallite size of the HAp samples. Based on this,
S-HAp1000 andW-HAp1000 have crystallite size of 88 nm (SSPM
with R2 = 0.9464) and 83 nm (H-WM with R2 = 0.9982).
3.2. Morphological analysis by FESEM and TEM techniques

The morphological analysis of the synthesized HAp samples
reveals distinct differences in particle size, shape, and crystal-
linity as evidenced by FESEM and TEM analysis. For the S-
HAp1000 sample, FESEM image (Fig. 4a) shows aggregated,
irregularly shaped particles with a tendency to form clusters,
which is typical of solid-state synthesis where mechanical
grinding creates fractured surfaces and promotes particle
35624 | RSC Adv., 2025, 15, 35617–35633
clustering.44 The particles were more of an irregular plate-like
structures with overlapping edges and stacking.

At higher magnication (Fig. 4b), particles appear elongated
and dense. The particle size histogram (Fig. 4c), obtained using
ImageJ soware, shows a broad distribution with an average
particle size of 409 ± 150 nm (number of measured particles =
222), suggesting signicant polydispersity. TEM images (Fig. 4d
and e) conrm the dense, agglomerated nature of the particles.
The corresponding selected area electron diffraction (SAED)
pattern (Fig. 4f) shows a set of sharp diffraction rings, indi-
cating polycrystalline nature, while the inset lattice fringe image
conrms well-resolved lattice planes, indicative of good crys-
tallinity aer high-temperature calcination at 1000 °C.

On the other hand, the W-HAp1000 sample exhibits a ner
and more homogeneous morphology. FESEM images (Fig. 4g
and h) also displays plate-shaped particles, though they are
smaller, thinner, and more uniformly distributed and less
aggregated compared to the S-HAp1000. The particle size
distribution (Fig. 4i) is narrower, with a smaller average size of
204 ± 87 nm (number of measured particles = 188), indicating
a more uniform synthesis result via the wet chemical precipi-
tation method. TEM analysis (Fig. 4j and k) further supports
this observation, showing discrete particles with reduced
aggregation. The average particle size from the TEM histogram
is 158 ± 44 nm (N = 31), smaller than that of S-HAp1000 (284 ±

151 nm, N = 49). The SAED pattern (Fig. 4l) displays distinct
diffraction rings similar to S-HAp1000, conrming poly-
crystalline nature. The lattice fringe image inset also indicates
high crystallinity, although slightly less dened than S-
HAp1000.
3.3. Elemental analysis by FESEM and TEM based EDX

Elemental analysis of the HAp samples was carried out by
FESEM and TEM based EDX (Fig. 5). Both of the spectra conrm
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Linear fitted plots for crystallite size measurements of S-HAp1000 andW-HAp1000 samples: (a and b) Williamson–Hall method (W–HM),
(c and d) Halder–Wagner method (H–WM) and (e and f) size-strain plot method (SSPM).
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the presence of Ca, P, and O, that are expected in HAp (Ca10(-
PO4)6(OH)2). In the FESEM-based EDX spectra, S-HAp1000
(Fig. 5a) shows Ca/P atomic ratio of 1.11, which is lower than
the stoichiometric value of 1.67 for pure HAp. This suggests the
presence of Ca-decient apatite or partial carbonate substitu-
tion, which is common in biologically derived apatites.19 In
comparison, W-HAp1000 (Fig. 5b) showed a higher Ca/P ratio of
1.45 which indicates a relatively Ca-rich composition that may
be attributed to the wet chemical synthesis process and higher
incorporation of Ca2+ during precipitation.

The TEM-based EDX spectra also support the results of
FESEM-based EDX. S-HAp1000 (Fig. 5c) exhibits signicantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
higher Ca and P contents with a Ca/P ratio of 1.38, whereas W-
HAp1000 (Fig. 5d) yields Ca/P ratio of 1.57. This elevated ratio
suggests greater lattice substitution or surface adsorption of Ca
species, possibly inuenced by the pH control and aging
conditions in the wet chemical method.18

As observed from the elemental analysis by two different
instrumental techniques, the wet chemical-derived HAp has the
higher Ca/P ratio. A higher Ca/P ratio in HAp is oen associated
with improved thermal stability and lower solubility in physio-
logical environments, which are benecial for load-bearing
biomedical applications and long-term implant integration.45,46
RSC Adv., 2025, 15, 35617–35633 | 35625
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Fig. 4 Morphological analysis of the synthesized HAp samples: (a–c) FESEM and (d–f) TEM analysis of S-HAp1000 sample; (g–i) FESEM and (j–l)
TEM analysis of W-HAp1000 sample.
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3.4. Vibrational spectroscopic assessment of functional
groups

The FTIR and Raman spectral analysis were employed for the
assessment of functional groups that are present in the
synthesized HAp samples. The analysis revealed the character-
istic vibrational modes associated with phosphate group
(PO4

3−) that conrms the formation of HAp. In the FTIR spectra
(Fig. 6a), both samples show prominent bands in the region of
1000–1100 cm−1 (at 1085 cm−1 and 1022–1024 cm−1), corre-
sponding to the asymmetric stretching vibrations (n3) of the
PO4

3− group.35 Peak at 962 cm−1 is assigned to the symmetric
stretching mode (n1) of PO4

3− which also indicates well-
35626 | RSC Adv., 2025, 15, 35617–35633
crystallized HAp structure. Bending modes are observed near
600 cm−1 and 460 cm−1 which are typical of PO4

3− groups.
Specically, asymmetric bending (n4) vibrations were observed
at 599 cm−1 and 565 cm−1 for S-HAp1000, 597 cm−1 and
563 cm−1 for W-HAp1000. On the other hand, symmetric
bending (n2) modes were observed at 459 cm−1 and 460 cm−1,
respectively.47

Meanwhile, vibrational bands for the structural –OH was
observed at 3572 cm−1 and 628 cm−1 for both of the samples,
indicating no shis. Clear distinctions were observed for the S-
HAp1000 sample with vibrational bands at 1408 cm−1 and
873 cm−1, both of which indicates the presence of carbonate
(CO3

2−) group (B-type substitution).48
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Elemental analysis by FESEM and TEM based EDX: (a and c) S-HAp1000 and (b and d) W-HAp1000.
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The Raman spectra (Fig. 6b) support the ndings of FTIR
analysis, with both samples displaying a strong and sharp band
at 964 cm−1. This Raman shi corresponds to the characteristic
symmetric P–O stretching vibration (n1) of the PO4

3− group,
which is also a conrmatory band positions of HAp.49 Triplet
Fig. 6 (a) FTIR and (b) Raman spectroscopic analysis of the synthesized

© 2025 The Author(s). Published by the Royal Society of Chemistry
bending modes (n4) of PO4
3− are observed at 576–618 cm−1,

while the lower frequency bands near 444–446 cm−1 are
attributed to the symmetric O–P–O bending vibrations (n2). The
peaks at 1046–1088 cm−1 correspond to the asymmetric
stretching vibrations (n3) of PO4.3–13
HAp samples.

RSC Adv., 2025, 15, 35617–35633 | 35627

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06021d


Fig. 7 Plots of particle size and surface charge analysis of the synthesized S-HAp1000 andW-HAp1000 samples: (a) correlogram; (b–d) intensity,
volume and number-based size distribution; (e) zeta potential; and (f) phase analysis light scattering (PALS).

Fig. 8 (a) Entrapment efficiency for the loading of amoxicillin; in vitro release of amoxicillin in (b) pH 7.4 and (c) pH 4.0 from S-HAp1000 and W-
HAp1000 samples; (d) calibration curve.

35628 | RSC Adv., 2025, 15, 35617–35633 © 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5. Analysis of particle size and surface charge

Along with the FESEM and TEM-based size analysis, dynamic
light scattering (DLS) and zeta potential analysis were also
carried out. The DLS-size analysis reveals distinct particle size
characteristics for both S-HAp1000 and W-HAp1000 samples.
The correlograms (Fig. 7a) display a typical exponential decay
patterns that conrms successful particle size measurements
through DLS technique. Based on the intensity, volume, and
number-based size distribution plots (Fig. 7b–d), W-HAp1000
exhibits a relatively narrower and smaller particle size distri-
bution compared to S-HAp1000. The intensity-based distribu-
tion shows that W-HAp1000 has a dominant peak around
360 nm, whereas S-HAp1000 displays a peak at around 488 nm.
Similar results were also present in the volume and number-
based distributions, indicating that the wet-chemically derived
HAp possesses ner and more uniform particles.

The zeta potential analysis (Fig. 7e) reveals that both samples
possess negative surface charges, with S-HAp1000 exhibiting
a higher negative zeta potential of −35.28 mV compared to W-
HAp1000 at −23.78 mV. This difference in surface charge
indicates that the particles of the HAp samples have different
stability in suspension, where higher negative zeta potential
values typically associate with better colloidal stability due to
stronger electrostatic repulsion between particles. The phase
analysis light scattering (PALS) plots (Fig. 7f) show character-
istic saw-tooth patterns at lower time frames, indicating good
data quality for electrophoretic mobility measurements.
3.6. Assessment of in vitro drug release

The drug release behavior of S-HAp1000 and W-HAp1000 was
investigated in SBF solution at two different pH conditions (7.4
and 4.0) to assess their potential as amoxicillin carriers.
Fig. 9 Release kinetics of amoxicillin from S-HAp1000 andW-HAp1000
order, first order, Higuchi, and Ritger–Peppas kinetic model plots are pr

© 2025 The Author(s). Published by the Royal Society of Chemistry
The drug loading efficiency assessment (Fig. 8a) revealed
that S-HAp1000 exhibited higher amoxicillin incorporation
efficiency (11.63%) compared to W-HAp1000 (7.28%), which
may be due to differences in their structural features. Drug
release studies were conducted over 300 minutes at RT, and the
cumulative release proles showed strong pH dependence
(Fig. 8b–d). At physiological pH 7.4 aer 300 minutes, W-
HAp1000 (62.96%) demonstrated higher drug release than S-
HAp1000 (44.66%), indicating enhanced diffusion and weaker
drug–carrier interactions in W-HAp1000. Under acidic condi-
tions (pH 4.0), which mimic infection or inammation sites,
both materials exhibited accelerated release, with W-HAp1000
reaching over 79% cumulative release and S-HAp1000 reach-
ing approximately 66%. The enhanced release at low pH is
attributed to the protonation of amoxicillin and increased
solubility, along with possible partial dissolution of HAp.50,51

Based on this assessment, S-HAp1000 with a higher loading
capacity and slower release has the potential for being used in
sustained delivery applications, while W-HAp1000, offering
faster and pH-responsive release, shows promise for targeted
drug delivery in acidic pathological environments.

3.6.1. Release kinetic study. Understanding the kinetics of
drug release is essential to interpret how materials like HAp
interact with the encapsulated therapeutic agents and to eval-
uate their suitability for delivery systems. Kinetic modeling
helps reveal the release mechanism whether it is governed by
diffusion, matrix erosion, swelling, or a combination phenom-
enon.52,53 By tting experimental data to various kinetic models,
the dominant release pathways can be elucidated which also
helps in to compare the materials' behavior under physiological
(pH 7.4) and pathological (pH 4.0) conditions.

The release kinetics of amoxicillin from the S-HAp1000 and
W-HAp1000 samples were evaluated using four commonly
applied mathematical models: zero-order, rst-order, Higuchi,
samples at (a) pH 7.4 and (b) pH 4.0 in SBF solution. Linear fitting of zero
esented for both of the samples.
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Table 4 Results of kinetic model fitting for amoxicillin release in SBF solution from S-HAp1000 and W-HAp1000 samples at pH 7.4 and 4.0

Sample
Release pH
condition

Zero order model First order model Higuchi model Ritger–Peppas model

Ko R2 K1 R2 KH R2 KKP n R2

S-HAp1000 7.4 0.123 0.912 0.0012 0.708 2.640 0.944 0.990 0.665 0.973
W-HAp1000 0.218 0.959 0.0016 0.837 4.547 0.938 0.848 0.792 0.949
S-HAp1000 4.0 0.173 0.829 0.0009 0.533 3.865 0.948 1.528 0.591 0.913
W-HAp1000 0.276 0.726 0.0016 0.596 6.169 0.841 0.773 0.929 0.929

Table 5 Results of antibacterial activity assessment of the amoxicillin
loaded HAp samples by agar well diffusion assaya

Zone of inhibition in cm

Sample Concentration

Staphylococcus
aureus
(ATCC 29737)

E. coli
(ATCC 11229)

S-HAp1000 0.1 mg mL−1 1.1 � 0.15 —
0.2 mg mL−1 1.4 � 0.18 —
0.3 mg mL−1 1.5 � 0.22 —
0.4 mg mL−1 1.4 � 0.16 —
0.5 mg mL−1 1.6 � 0.25 —

W-HAp1000 0.1 mg mL−1 0.9 � 0.19 —
0.2 mg mL−1 1.0 � 0.20 0.9 � 0.17
0.3 mg mL−1 1.3 � 0.28 1.1 � 0.16
0.4 mg mL−1 1.4 � 0.15 1.1 � 0.23
0.5 mg mL−1 1.4 � 0.21 1.2 � 0.21

Positive
control

30 mg 2.5 � 0.16 1.8 � 0.50

Negative control — — —

a “—” indicates no zone of inhibition.
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and Ritger–Peppas models. Each of these models offers
a different perspective on the release mechanism. The zero-
order model assumes a constant release rate independent of
drug concentration and desirable for uniform drug delivery.
The rst-order model describes a concentration-dependent
release, while the Higuchi model interprets release as a diffu-
sion-driven process from a homogeneous matrix. The Ritger–
Peppas model, oen used for polymeric or complex systems,
characterizes the release mechanism based on the diffusional
exponent n, with values indicating Fickian diffusion (n # 0.45),
anomalous (non-Fickian) transport (0.45 < n < 0.890), or case II
transport dominated by matrix relaxation or erosion (n $

0.89).7,19 Fig. 9 represents the plots of linear tting of the kinetic
models that were employed for understanding the release
behavior of amoxicillin from S-HAp1000 and W-HAp1000
samples at pH 7.4 and pH 4.0 in SBF solution and Table 4
lists the results of kinetic ttings.

At physiological pH 7.4, S-HAp1000 showed the best model
t with the Ritger–Peppas model (R2 = 0.973), indicating that
the release mechanism involves anomalous transport which is
a combination of diffusion and matrix relaxation. The value of
the release exponent (n = 0.665) further supports the existence
within the non-Fickian range. In comparison, W-HAp1000
35630 | RSC Adv., 2025, 15, 35617–35633
displayed the highest R2 value (0.959) for the zero-order model.
This indicates a more sustained and concentration-
independent release prole although tting with Ritger–Pep-
pas model (R2 = 0.949) further substantiates the existence of
anomalous transport (n = 0.792). This suggests that both the
diffusion of amoxicillin through the HAp matrix and structural
changes in the material inuence release behavior.

Under acidic conditions (pH 4.0), drug release was signi-
cantly enhanced due to the increased solubility of HAp and the
protonation of amoxicillin.54 S-HAp1000 t best with the Higu-
chi model (R2 = 0.948), indicating a dominant diffusion-
controlled process in this environment. The corresponding
value of n (n = 0.591) from the Ritger–Peppas model tting
conrms anomalous transport, although the slightly lower R2

value (0.913) suggests a minor deviation from the ideal model
behavior. W-HAp1000 on the other hand, followed the Ritger–
Peppas model most closely (R2 = 0.929), which indicates
a transition to case II transport, dominated by polymer relaxa-
tion or matrix erosion mechanisms.

By controlling the synthesis parameters, such as the
synthesis route, calcination temperature, and precursor
concentration, it is possible to precisely tailor the material's
properties including its crystallinity, porosity, and surface area
to achieve the desired release prole for a particular clinical
application. For instance, in cases of acute osteomyelitis,
a rapid, high-concentration dose of antibiotics is oen required
to effectively combat a sudden bacterial surge. The W-HAp1000
material is ideal for this purpose, as it demonstrated a faster
andmore efficient release of amoxicillin, releasing up to 62.96%
at pH 7.4 and 79.18% at pH 4.0. This burst release is benecial
for achieving a high local antibiotic concentration to quickly
eliminate the pathogen.

On the other hand, chronic infections, such as those asso-
ciated with implant failure, require a sustained, long-term
therapeutic drug level to prevent a recurrence. In this case,
the S-HAp1000 sample is more suitable due to its slower and
more prolonged release prole, releasing only 44.66% at pH 7.4
and 66.01% at pH 4.0. This controlled release minimizes
systemic exposure andmaintains a therapeutic concentration at
the infection site over an extended period.
3.7. Antibacterial activity and cytocompatibility assessment

The antibacterial activity of the amoxicillin-loaded HAp samples
was evaluated across a range of concentrations. The ndings
demonstrated that both samples were capable of inhibiting
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Antibacterial activity of amoxicillin-loaded (a and b) S-HAp1000 and (d and e) W-HAp1000 against Staphylococcus aureus and
Escherichia coli at different concentrations. Absorbance data at 600 nm for MIC and MBC determination against Staphylococcus aureus is
presented for (c) S-HAp1000 and (f) W-HAp1000. Tetracycline disc was used as positive control and DMSO solvent as negative control. ‘PC’ =
positive control; ‘NC’ = negative control.
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bacterial growth, although the extent of activity varied
depending on the material and bacterial strain.

According to the presented data of Table 5 and the Fig. 10,
the amoxicillin-loaded S-HAp1000 exhibited the highest inhib-
itory effect against S. aureus at a concentration of 0.5 mg mL−1,
producing a zone of inhibition measuring 1.6 ± 0.25 cm.
However, no visible inhibition zone was observed against E. coli
at any tested concentration. In contrast, the amoxicillin-loaded
W-HAp1000 at 0.5 mg mL−1 showed antibacterial activity
against both S. aureus (1.4± 0.21 cm) and E. coli (1.2± 0.21 cm).
The probable reasons for S-HAp1000 not being able to inhibit E.
coli, despite having higher amoxicillin content, may be due to
its limited drug release that can cause inadequate availability of
drug required for inhibition. Additionally, stronger matrix-drug
binding and unfavorable surface properties may also add to S-
HAp1000's inability to inhibit E. coli at this given concentration.
On the other hand, W-HAp1000's broader activity, despite lower
loading, reects more effective drug release and potentially
advantageous surface characteristics, overcoming even the
natural resistance barrier of Gram-negative bacteria. The posi-
tive control (tetracycline) displayed substantial zones of inhi-
bition against both bacterial strains, while the negative control
(DMSO) exhibited no antibacterial effect.

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were determined
specically against S. aureus, due to its critical role in osteo-
myelitis pathogenesis. The S-HAp1000 sample showed an MIC
of 0.1 mg mL−1, with an MBC of 1.0 mg mL−1 (Fig. 10c). Simi-
larly, the W-HAp1000 sample exhibited an MIC at the same
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentration (0.1 mg mL−1), while its MBC was slightly lower,
at 0.9 mg mL−1 (Fig. 10f).

The cytocompatibility assessment using Vero cells demon-
strated that both amoxicillin-loaded S-HAp1000 and W-
HAp1000 samples exhibited excellent biocompatibility, with
cell viability values exceeding 95% aer 24 h of incubation.
These results indicate that neither the HAp matrices nor the
released amoxicillin exerted any signicant cytotoxic effects on
Vero cells under the tested conditions. In comparison, both the
positive and negative solvent controls maintained 100%
viability, conrming the reliability of the assay. The high
survival rate observed for the drug-loaded samples highlights
the biosafety of the developed carriers and supports their
potential application in localized antibiotic delivery for bone-
related infections.
4 Conclusion

This study demonstrates that the method of HAp synthesis
plays a crucial role in dening its drug delivery characteristics.
Solid-state synthesized S-HAp1000 achieved higher drug
loading due to greater crystallinity and larger crystallite size,
making it more suited for sustained release applications. In
contrast, W-HAp1000, prepared by wet chemical precipitation,
offered faster and pH-responsive amoxicillin release, enabled by
its phase purity, ner particle size, and greater surface acces-
sibility. Although S-HAp1000 had higher amoxicillin content, its
limited release resulted in no activity against E. coli, unlike W-
HAp1000, which exhibited broad-spectrum antibacterial
RSC Adv., 2025, 15, 35617–35633 | 35631
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action. The drug release kinetics further highlight mechanistic
differences: diffusion-dominated in S-HAp1000 versus relaxa-
tion- or erosion-driven release in W-HAp1000. These results
indicate that wet chemical precipitation is more effective for
applications requiring responsive and efficient delivery, while
solid-state HAp may be reserved for long-term, controlled drug
administration. This work emphasizes the need to tailor
synthesis strategies according to the intended drug delivery
function, particularly in the context of treating localized bone
infections like osteomyelitis.
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