.

s pharmaceutics

Article

Inhibiting Effects of Antibiotic-Loaded Porous
Gelatin-Hydroxyapatite Microspheres on Staphylococcus aureus

Meng-Ying Wu 12345.6 Chao-Chun Yen 1'*, Ming-Jia Wang 1, I-Fang Kao ! and Shiow-Kang Yen 1*
g 8 g 8 g 8

check for
updates
Academic Editors: Aaron J. Courtenay,

Deborah Lowry and Jessica V. Moore

Received: 17 October 2025
Revised: 21 November 2025
Accepted: 28 November 2025
Published: 11 December 2025

Citation: Wu, M.-Y;; Yen, C.-C.;
Wang, M.-].; Kao, L-F; Yen, S.-K.
Inhibiting Effects of Antibiotic-
Loaded Porous Gelatin-
Hydroxyapatite Microspheres on
Staphylococcus aureus. Pharmaceutics
2025, 17, 1598. https:/ /doi.org/
10.3390/pharmaceutics17121598

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Materials Science and Engineering, National Chung Hsing University, Taichung 402, Taiwan;
slimu16882013@gmail.com (M.-Y.W.)

Department of Orthopedics, Taichung Armed Forces General Hospital, Taichung 404, Taiwan

Department of Orthopedics, National Defense Medical University, Taipei 114, Taiwan

Department of Healthcare Administration, Central Taiwan University of Science and Technology,

Taichung 406, Taiwan

Department of Gerontological Health Care, Central Taiwan University of Science and Technology,

Taichung 406, Taiwan

Department of Dental Technology and Material Science, Central Taiwan University of Science and Technology,
Taichung 406, Taiwan

Correspondence: skyen@dragon.nchu.edu.tw

Current address: Aluminum & Specialty Alloy Development Section, New Materials Research &
Development Department, China Steel Corporation, Chung Kang Rd., Hsiao Kang, Kaohsiung 812, Taiwan.

Abstract

Background/Objectives: Due to their biocompatibility and bone-like composition, calcium
phosphate materials—especially hydroxyapatite (HAp)—have emerged as promising carri-
ers for localized antibiotic delivery in bone regeneration. Here, we developed Hap-based
composite microspheres using a simple wet-chemical method and incorporated multiple
antibiotics to evaluate their release profiles and antibacterial potential for treating bone in-
fections. Methods: In this study, uniform and porous composite microspheres composed of
Hap and gelatin were synthesized via a simple wet-chemical method using a mixed calcium
phosphate—gelatin solution. Results: The resulting gelatin-Hap microspheres (G-HAM)
were systematically characterized to verify their crystalline structure, morphology, compo-
sition, and thermal stability. G-HAM exhibited a highly porous structure, making them
well-suited for use as drug carriers. Four clinically relevant antibiotics—gentamicin, van-
comycin, teicoplanin, and zyvox—were incorporated into the microspheres and evaluated
for their release behavior and antibacterial performance against Staphylococcus aureus. The
release profiles revealed an initial burst release within the first hour that exceeded the
minimum inhibitory concentrations of all tested antibiotics, followed by a sustained release
phase. Antibiotics containing carboxylic groups, such as vancomycin and teicoplanin,
demonstrated stronger interactions with Hap, resulting in a more prolonged release. An-
tibacterial testing confirmed that the released antibiotics maintained their chemical stability
and bioactivity. Furthermore, the combination of bioactive Hap and peptide-rich gelatin
promoted osteoblast-like cell adhesion and proliferation, while cytotoxicity assays verified
excellent biocompatibility. Conclusions: Overall, these G-HAM provide a promising plat-
form that integrates controlled antibiotic release with osteoconductive potential for bone
infection treatment and tissue regeneration.

Keywords: hydroxyapatite; gelatin, microsphere; drug load and release; antibacterial;
cell culture
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1. Introduction

Mineralized tissues such as bone and dentin are frequently affected by disease or
trauma, necessitating effective regenerative strategies. Calcium phosphate (CaP) bio-
ceramics, due to their compositional similarity to bone, excellent biocompatibility, and
osteo-conductive/osteo-inductive properties, have emerged as promising candidates for
drug and ion delivery systems to support craniofacial tissue regeneration [1]. The family of
CaP biomaterials exhibit excellent biocompatibility and osteo-conductivity, and in some
cases osteo-inductivity, while their inherent brittleness and poor mechanical strength
limit their use in load-bearing applications. To overcome this, CaP is often coated onto
metallic implants like titanium alloys, combining mechanical strength with bioactivity and
enhancing stability, osseointegration, and clinical performance in orthopedic and dental
use [2,3]. Among CaP ceramics, hydroxyapatite (HAp) stands out as the primary focus
of research.

HAp, due to its close chemical composition and crystal structure to the inorganic
components of human bone and teeth, has been widely applied in bone tissue engineering.
This similarity endows HAp with several desirable properties, including good biocom-
patibility, osteo-conductivity, and a certain degree of biodegradability, as well as potential
applications as a drug carrier and in promoting tissue regeneration. Various methods have
been developed to synthesize HAp, including the wet chemical method [4,5], microwave-
assisted hydrothermal [6-8], chemical precipitation [9], sol-gel [10-12], and micro/emulsion
techniques [13,14].

In natural bone, the extracellular matrix is primarily composed of type I collagen
and HAp microcrystals, forming a composite structure that combines hardness with
toughness [15]. Owing to its chemical similarity to the inorganic phase of bone, HAp
exhibits excellent biocompatibility and osteo-conductivity, making it widely applied in
bone tissue engineering [16]. However, pure HAp suffers from brittleness and insuffi-
cient mechanical strength, which limits its use in load-bearing applications [17,18]. To
overcome these drawbacks, many studies have focused on combining HAp with natural
polymers—such as collagen [19,20], chitosan [16,21], alginate [22-24], gelatin [25,26], and
silk fibroin [27,28]—to enhance its mechanical properties and biological performance, better
mimicking the structure and function of native bone.

Vancomycin, gentamicin, teicoplanin, and zyvox are commonly used antibiotics for
treating severe infections caused by Gram-positive bacteria, including methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enferococcus (VRE) [29-31]. Van-
comycin and teicoplanin, both glycopeptide antibiotics, are widely applied in the manage-
ment of osteomyelitis and soft tissue infections [32-34], while gentamicin, an aminoglyco-
side antibiotic, exhibits broad-spectrum antibacterial activity [29,35]. Zyvox, an oxazolidi-
none antibiotic, is a synthetic agent effective against multidrug-resistant Gram-positive
pathogens [30,36].

In recent years, various drug delivery systems (DDSs) have been developed to im-
prove the therapeutic efficacy and local bioavailability of these antibiotics [37]. For example,
they have been incorporated into nanoparticles, hydrogels, nanofibers, and bone cement
composites, aiming to achieve localized and sustained release while reducing systemic
toxicity [33,38,39]. Such DDS-based strategies can enhance antibacterial efficacy and pro-
mote tissue regeneration at the infection site. However, these systems still face challenges
such as initial burst release, rapid carrier degradation, limited large-scale production
feasibility, and potential local cytotoxicity [36,40].

To address these challenges, this study aimed to develop a HAp-based composite
material as an antibiotic carrier. The composite microspheres were synthesized via a simple,
low-cost wet-chemical method without the need for organic solvents or cross-linkers
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and systematically characterized by x-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FI-IR), scanning electron microscope (SEM), inductively coupled plasma
mass spectrometry (ICP-MS), and thermal analyses. Widely used antibiotics, including
gentamicin, vancomycin, teicoplanin, and zyvox, were incorporated to investigate their
release behavior and antibacterial potential. This approach seeks to provide a promising
platform for bone infection treatment.

2. Materials and Methods

2.1. Material Preparation and Characterization
2.1.1. Synthesis of Porous Gelatin-HAp Composite Microspheres (G-HAM)

Porous G-HAM were synthesized via a wet-chemical precipitation method.
Ca(NO3),-4H,0 (SHOWA, Tokyo, Japan) and NH4H,PO, (SHOWA, Tokyo, Japan) were
dissolved separately in deionized water and then added into a 4 wt.% gelatin (Sigma-
Aldrich, St. Louis, MO, USA) solution, prepared by dissolving gelatin in deionized water
at 65 °C, under continuous stirring, maintaining a Ca/P ratio of 1.67. The mixture was
kept at a controlled temperature until precipitation formed, followed by centrifugation,
washing, filtration, and drying to yield white microsphere powders. According to pre-
vious experience [41], this synthesis procedure was based on established methods, and
the obtained powders were compared with reagent-grade HAp (Sigma-Aldrich, St. Louis,
MO, USA).

2.1.2. Scanning Electron Microscopy (SEM)

The morphology of the microspheres was examined using scanning electron mi-
croscopy (SEM, JSM-5400 and JSM-6700F, JEOL, Tokyo, Japan). For sample preparation,
the powders were dispersed on conductive carbon tape attached to aluminum stubs and
sputter-coated with gold prior to imaging.

2.1.3. X-Ray Diffraction (XRD)

Phase identification was performed using X-ray diffraction (XRD, MXP-III, Bruker,
Billerica, MA, USA) with a CuK« source (A = 1.542 A), operating at 40 kV and 30 mA.
Data were collected in the range of 20 from 10° to 70° at a scanning rate of 2°/min. The
crystallite size along the (002) plane was estimated by the Scherrer equation:

d=kA/(bcosb) (1)

where d represents the crystallite diameter, k is the shape factor (0.9), A denotes the X-ray
wavelength, b is the full width at half maximum (FWHM) of the diffraction peak, and 6 is
the Bragg angle corresponding to the (002) plane.

2.1.4. Transmission Electron Microscopy (TEM)

The internal structure of microspheres was observed using transmission electron
microscopy (TEM, JEM-200CX and JEM-2010, JEOL, Tokyo, Japan). Samples were prepared
by depositing a droplet of the microsphere suspension onto a carbon-coated copper grid,
followed by air-drying. Imaging was performed in bright-field mode, and selected area
diffraction (SAD) was used to determine crystal structure.

2.1.5. Fourier Transform Infrared Spectroscopy (FTIR)

Functional groups were characterized by Fourier transform infrared spectroscopy
(FTIR, DAS8.3, Bomem, Quebec, QC, Canada) in transmission mode, over a spectral range
of 450-4000 cm~!. Analytical samples were prepared by mixing HAp powders with
potassium bromide (KBr) at a ratio of 5:100.
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2.1.6. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The elemental composition of Ca and P was quantified using inductively coupled
plasma mass spectrometry (ICP-MS, Pe-Scies Elan 6100 DRC, Waltham, MA, USA). Ad-
ditional trace element analysis followed ASTM F1185-03 guidelines. Briefly, 1 g of HAp
powder was dissolved in 30 mL of 5% HCI, and the resulting solution was analyzed.

2.1.7. Thermal Analysis

Thermal behavior of the composite microspheres and gelatin was evaluated using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (STA-409,
Netzsch, Selb, Germany). Measurements were conducted from room temperature to 800 °C
at a heating rate of 10 °C/min in air, monitoring weight loss and phase transformation.

2.1.8. Heat Treatment

Based on the thermal analysis, synthesized G-HAM powders were subjected to an-
nealing at 100 °C, 350 °C, 500 °C, 600 °C, and 700 °C for 1 h in air. Post-annealed sam-
ples were further examined using SEM, XRD, TEM, and FTIR to assess structural and
compositional changes.

2.2. Drug Loading and Release Kinetics
2.2.1. Antibiotic Loading on Composite Microspheres and Content Determination

In this study, several antibiotics commonly used for bone infections—vancomycin,
teicoplanin, zyvox, and gentamicin—were selected for evaluation. G-HAM were immersed
in antibiotic solutions of varying concentrations at 37 °C with gentle agitation (80 rpm) for
2 h, with a weight ratio of drug to G-HAM of 1/3. After loading, the microspheres were
collected by centrifugation and air-dried at room temperature for 48 h.

Antibiotic quantification was performed using UV /VIS spectrophotometry (Hitachi
U-3010, Tokyo, Japan) at the respective absorption maxima of each drug. Both van-
comycin and teicoplanin were analyzed at 280 nm, with detection limits of 0.56 ug/mL and
0.50 pg/mL, respectively. Zyvox was measured at 252 nm, achieving a detection sensitivity
of 0.07 ug/mL. Gentamicin determination required derivatization with o-phthalaldehyde
reagent [42]. In this process, gentamicin, o-phthalaldehyde, and isopropanol were reacted
at a 1:1:1 ratio for 45 min, and absorbance was subsequently recorded at 333 nm, with a
detection threshold of 0.34 ng/mL.

2.2.2. In Vitro Antibiotic Release from Microspheres

Drug release studies were carried out by dispersing 20 mg of antibiotic-loaded micro-
spheres in 50 mL of phosphate-buffered saline (PBS, Sigma-Aldrich, St. Louis, MO, USA)
contained in sealed vials. A phosphate-buffered saline (PBS) solution with a pH of 7.4
was used as the release medium in this study. PBS is frequently used to examine in vitro
drug delivery behavior due to its stable, physiologically relevant ionic composition [43].
Moreover, the average physiological pH of the human body is approximately 7.4 [44].
The physicochemical behavior of the drug carrier is influenced by the composition of the
dissolution medium, consequently impacting drug release kinetics and in vitro—in vivo
correlations [45]. In addition, using PBS enables a more accurate observation of the intrinsic
release kinetics and fitting behavior of the system, allowing clearer identification of the
governing release model under controlled conditions. Samples were maintained in an
orbital shaking water bath at 37 °C, rotating at 80 rpm. At predetermined time intervals,
1 mL of the release medium was withdrawn and replaced with an equal volume of fresh
PBS to maintain sink conditions. The concentration of released antibiotics was analyzed



Pharmaceutics 2025, 17, 1598

50f24

following the same spectrophotometric protocols described above. All experiments were
repeated in triplicate to ensure reproducibility.

2.3. Drug Release Kinetics

To investigate the release mechanism of antibiotics from G-HAM composite micro-
spheres, three kinetic models commonly used in drug release studies were applied to fit the
experimental data, including the first-order model, Higuchi model, and Korsmeyer—Peppas
model [46,47].

2.3.1. First-Order Kinetic Model

The first-order kinetic model assumes that the drug release rate is proportional to the
remaining amount of drug in the system. It can be expressed as the following:
am
— = kM 2
pr 1 ()
where M is the remaining drug concentration, k; is the first-order rate constant, and ‘Z—A;I
represents the rate of drug depletion. This equation implies that the release rate decreases
as the drug concentration decreases.

2.3.2. Higuchi Model

The Higuchi model describes drug release from a homogeneous matrix as a
diffusion process.

It assumes that the release rate is proportional to the square root of time and can be
expressed as:

M; = kgt (3)

where M is the cumulative amount of drug released at time t and k is the Higuchi
dissolution constant.

This model is commonly used to describe diffusion-controlled release from solid or
semi-solid matrices.

2.3.3. Korsmeyer-Peppas Model

The Korsmeyer—Peppas model is an empirical equation used to analyze the mechanism
of drug release from polymeric or composite matrices. It is expressed as the following:
M;
— = kt" 4
T @
where M,/ M) is the fraction of drug released at time ¢, k is the kinetic constant, and
n indicates the underlying release mechanism, where n < 0.43 corresponds to Fickian
diffusion, 0.43 < n < 1 reflects anomalous (non-Fickian) transport, and n = 1 represents
zero-order release.

2.4. Antibacterial Assessment

To evaluate antibacterial activity, Staphylococcus aureus—a major pathogen responsible
for severe bone infections—was selected as the test organism. The efficacy of the released
antibiotics was examined using the standard agar diffusion assay [48]. S. aureus ATCC
6538P was first cultured in nutrient broth (10 g/L peptone, 2 g/L beef extract, and 5 g/L
sodium chloride) at 37 °C under shaking conditions for 18 h, yielding a suspension of
approximately 107 CFU/mL. A 1.5 mL aliquot of this bacterial culture was then mixed into
250 mL of molten nutrient agar cooled to 45 °C before being poured into petri dishes.
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For antibacterial testing, 70 uL of the elution solutions collected from the in vitro
release studies were pipetted into wells at the center of agar plates, followed by incubation
at 37 °C for 18 h. Antibacterial performance was assessed by measuring the diameter
of the inhibition zones (mm) extending outward from the well edges. Negative controls,
consisting of eluates from microspheres without antibiotic loading, were processed under
identical conditions.

2.5. Cell Experiments
2.5.1. Cell Culture

Human osteoblast-like G-292 cells obtained from the Bioresource Collection and
Research Center (BCRC, Hsinchu, Taiwan; catalog no. BCRC 60225) were maintained
in McCoy’s 5a medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (Biological Industries, Beit HaEmek, Israel), 100 U/mL penicillin, and
100 ug/mL streptomycin (Gibco, Waltham, MA, USA). Cells were incubated at 37 °C in a
humidified atmosphere containing 5% CO;, with media refreshed every three days. For
subculture, monolayers were rinsed with PBS, detached using 0.25% trypsin-EDTA (Gibco,
Waltham, MA, USA), centrifuged, resuspended, and then used for subsequent experiments.

2.5.2. Cytotoxicity Tests

The biocompatibility of G-HAM was assessed following ISO 10993-5 guidelines [49].
Extracts were prepared at a ratio of 0.2 g/mL in serum-containing culture medium and
incubated for 24 h at 37 °C. Pure extracts and their dilutions (1:1 and 1:4) were applied
to G-292 cells seeded at 1 x 10* cells/well in 96-well plates. After 24 h of exposure, cell
viability was determined by MTT assay. Medium alone served as the negative control,
while phenol-containing medium acted as the positive control.

For direct-contact assays, sterilized G-HAM powders were placed into 24-well plates
before seeding cells (1 x 10* cells/well). Controls consisted of wells without powders.
Cultures were maintained up to 14 days, with media replaced every three days. At
designated intervals (days 1, 4, 7, and 14), cells were detached with trypsin-EDTA and
evaluated using the trypan blue exclusion method. All experiments were performed
in sextuplicate.

2.5.3. MTT Assay

Cell metabolic activity was quantified via MTT assay. Briefly, after removing the
culture medium and rinsing with PBS, 20 uL/well of MTT solution (0.5 mg/mL, Sigma
M5655, St. Louis, MO, USA) was added and incubated for 4 h at 37 °C. The unreacted
dye was replaced with 100 puL/well DMSO (Merck, Darmstadt, Germany) to dissolve
formazan crystals under gentle shaking for 10 min. Absorbance was recorded at 540 nm
using a microplate reader (Stat Fax-2100, Awareness Technologies, Palm City, FL, USA).
Cell viability was expressed as a percentage relative to untreated controls.

2.5.4. Cell Morphology

At selected time intervals, samples were fixed with 2.5% glutaraldehyde (Panreac,
Castellar del Valles, Spain) in 0.01 M PBS (pH 7.4) for 1 h, rinsed, and dehydrated through
a graded ethanol series. After air-drying, specimens were sputter-coated with gold and
observed using SEM.

2.6. Statistical Analysis

Drug-release and inhibition-zone experiments were performed in triplicate (n = 3),
while the cell viability assay was conducted with six replicates (n = 6). Each replicate
represents an independent measurement of the same sample under identical experimental
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conditions. The results obtained from repeated measurements were expressed as the mean
values, and the error bars represent the standard deviation of the data. For the cell viability
assay, statistical differences between each treatment group and the medium-only control
were analyzed using the Student’s t-test in Microsoft Excel. A p-value of less than 0.05 was
considered statistically significant.

3. Results and Discussion

3.1. Material Characterization
3.1.1. Surface Observations

As shown in Figure la,b, the G-HAM exhibit a spherical morphology with a
uniform size distribution of 5-10 pm. In contrast, reagent-grade HAp from Sigma-
Aldrich (Figure 1c,d) displays irregular, polygonal, and flaky structures. Previous stud-
ies have reported that spherical particles are more favorable for osteo-conductivity and
implantation [50].

20kV %200 20kV  x3500

Figure 1. SEM micrographs showing the surface morphology of G-HAM at (a) low (x500) and (b) high
(x3500) magnifications, and reference HAp at (c) low (x200) and (d) high (x3500) magnifications.

The G-HAM also show rough, hydrangea-like surfaces with abundant pores, as clearly
observed in the FE-SEM image (Figure 2). Surface topography is known to play a critical
role in tissue response, drug release, and cellular activities. Hulbert et al. demonstrated
that porous ceramics facilitated faster tissue healing and reduced fibrous encapsulation
compared to non-porous structures, with interconnected pores further enabling vascu-
larization [51]. Similarly, Chang et al. reported that porous HAp with pore structures
was more osteoconductive and resorbable than dense HAp [52]. Moreover, Klose et al.
showed that porosity enhances molecular mobility, while drug release rates decrease with
increasing particle size [53]. Taken together, the homogeneous spherical geometry and
highly porous architecture of the composite microspheres prepared in this study suggest
excellent potential for antibiotic loading and accelerated bone ingrowth, making them
highly promising for biomedical applications.
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6KV x6000 1um WD 7.8mm

Figure 2. FESEM micrographs of G-HAM at different magnifications: (a) x6000 and (b) % 10,000
showing overall spherical morphology, and (c) x30,000 and (d) x50,000 revealing detailed
porous architecture.

3.1.2. XRD

The XRD patterns of reference HAp and G-HAM are shown in Figure 3. As illus-
trated in Figure 3A, both samples display similar peak positions, and the microspheres
exhibit sharp peaks corresponding well with calcium phosphate hydroxide, Cas(PO4)3(OH)
[JCPDS 9-432], without additional phases (Figure 3B). This confirms that HAp powders are
successfully synthesized via the wet-chemical method.

® « HAp

* (002)

Intensity (arb. units)
=
= .

* (322)
* @313
. (214)
* (304)

(reference HA)

Mcmsphems)

I
1

&4 610

50 60 70
20 (degree)

Figure 3. XRD patterns of (A) reference HAp and G-HAM, (B) JCPDS file No. 9-432.

However, the microspheres display broader and weaker diffraction peaks, indicating
lower crystallinity and/or smaller crystal size. During synthesis, dissociation of biopolymer
chemical bonds allowed Ca?* ions to interact with the anionic groups of the biopolymer,
limiting the availability of free Ca?* for HAp crystal growth. Consequently, the crystalliza-
tion process was restricted. In addition, the merging of (211), (112), and (300) peaks in the
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microspheres suggests lattice distortion, a phenomenon also reported in previous studies
due to interactions between the biopolymer backbone and the HAp lattice [54].

3.1.3. FTIR Analysis

The FTIR spectra of reference HAp, G-HAM, and biopolymer are presented in Figure 4.
For both reference HAp and G-HAM, characteristic phosphate (PO,4>~) and hydroxyl (OH ")
bands are clearly identified, including peaks at 467, 566, 604, 960, and 1032-1111 em !, con-
sistent with reported HAp vibrational modes [55,56]. A broad band at 3100-3400 cm ! cor-
responded to adsorbed hydrate, while a sharp peak at 3571 cm ! indicated OH ™ stretching.

microspheres

=
9
£
H)

reference HA

467

% Transmittance

biopolymer

1032 ©

]
—_— 1.“"“?“ =
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 4. FTIR spectra of the biopolymer (gelatin), reference HAp, and G-HAM.

Additional absorption bands at 871 and 1455 cm ! suggest partial carbonate substi-
tution, forming carbonated hydroxyapatite, which may also explain the slightly elevated
Ca/P molar ratio observed by ICP-MS. The possibility of HPO, contributions at 871 cm ™!,
as noted in previous studies, requires further thermal treatment analysis [57,58]. The pure
biopolymer spectrum showed typical amide I, IT, and 11l bands at 1660, 1534, and 1220 cm ™!,
along with additional peaks at 1442 and 1334 cm ™! attributed to amino acids [56,59]. In
G-HAM, both HAp-related phosphate groups and biopolymer-associated amide bands
(1660, 1550, 1220 cm 1) were detected, confirming successful incorporation of hydroxyap-
atite with the biopolymer.

The FTIR analysis was primarily conducted to confirm the compositional integrity of
the synthesized G-HAM, specifically to verify the presence of both gelatin and hydroxyap-
atite (HAp) structures. The successful loading of antibiotics onto the microspheres, as well
as their subsequent release behavior, was verified using UV-visible spectrophotometric
measurements during the drug release study.

3.1.4. Elemental Composition (ICP-MS)

The Ca and P contents of the synthesized G-HAM, measured by ICP-MS, are sum-
marized in Table 1. The calculated Ca/P ratio is 1.69, which is close to the stoichiometric
ratio of 1.67 corresponding to hydroxyapatite (Cajo(PO4)s(PO4)s(OH),) in natural bone,
ensuring proper phase formation and mimicking the mineral composition of biological
apatite. In addition, the analysis of potential toxic elements (As, Cd, Hg, Pb) reveals
concentrations far below the permissible limits specified by ASTM F1185-03—a widely
recognized standard for hydroxyapatite ceramics used in surgical implants (not exceeding
3,5, 5, and 10 ppm, respectively). Only trace amounts are detected, likely to originate from
reagents or water. These results confirm that the prepared microspheres possess a bone-like
Ca/P ratio and meet established safety standards for biomedical use.
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Weight (%)

100

Table 1. Elemental analysis for G-HAM by ICP-MS.

Element Concentration (ppm)
P 4640
Ca 7869
As 0.04
Cd 0.06
Hg 0.01
Pb 0.23

3.1.5. Thermal Analysis (TGA/DSC)

The TGA and DSC results of reference HAp, gelatin, and G-HAM are shown in
Figure 5. Reference HAp exhibits minimal weight loss (6%) up to 800 °C, indicating high
thermal stability, with only minor losses due to adsorbed water and volatiles.

——TGA 1 --psc

2 100 2
b 100 ~ - C

Al e o~ 95
L2 80 : Ho
\A { exol
TN 90

%)

Weight (%)

Heat flow (mW/mg)
Weight (’

Heat flow (mW/mg)
Heat flow (mW/mg)

—TGA

70

0

T
100

T T T T T
200 300 400 500 600

Temperature (OC)

T T T T T T T T T T T
700 800 0 100 200 300 400 500 600 700 800 0 200 400 600 800

Temperature (°C) Temperature (°C)

Figure 5. TGA and DSC curves of (a) reference HAp, (b) gelatin, and (c) G-HAM.

As shown in Figure 5a, the continuous endothermic signal is observed across the
heating range, and an exothermic peak appeared at 742 °C, suggesting crystal growth
and/or structural adjustment. In contrast, pure gelatin (Figure 5b) underwent multiple
decomposition stages, leading to complete weight loss finally. These changes correspond
to water removal, amino acid degradation, and chain breakdown, with characteristic
exothermic peaks in the DSC profile. Around 330 °C the weight loss of about 40% is
ascribed to the condensation of OH and/or NH bonds. A sharp signal near 605 °C is
attributed to the rapid combustion of residual carbon, marking the final degradation step.

For G-HAM (Figure 5c), the thermal behavior combined features of both HAp and
gelatin. A more pronounced exothermic peak near 330 °C suggests more condensation be-
tween the polymer matrix and OH bonds of HAp, affecting heating stability. Overall weight
loss is 26%, including 5% of initial evaporation of adsorbed H,O, which is greater than
pure HAp but significantly lower than gelatin alone. Based on these data, the biopolymer
content in the G-HAM was estimated at 21%, comparable to natural bone.

3.1.6. Effect of Heat Treatment on Microspheres

To evaluate the influence of heating on crystallization and phase transformation, the
microspheres were annealed at different temperatures based on the thermal analysis. As
shown in Figure 6, the porous and spherical morphology remains stable below 500 °C. At
600 °C, partial surface collapse is observed, with pore structures beginning to close. When
the temperature reached 700 °C, the porous flakes fully decomposed into nanoparticles,
forming spheres with a coralline- and columnar-like surface and no visible pores. These
changes suggest possible phase transformation at higher temperatures, which was further
examined by XRD and FTIR analysis.
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1pm WD 8.4 mm lipm WD 8.4 mm

x9000 1um WD 9.1 mm

Figure 6. FE-SEM images of G-HAM subjected to various heat treatment conditions: (a) untreated,
(b) 100 °C, (c) 350 °C, (d) 500 °C, (e) 600 °C, and (f) 700 °C.

3.1.7. Phase Transformation and Crystallinity After Heat Treatment

The XRD spectra of G-HAM annealed at different temperatures are shown in Figure 7.
Samples treated at and below 700 °C retain the characteristic diffraction peaks of HAp, located
at 25.9, 31.8, 39.8, 46.8, 49.4, 53.3, and 64.2° (20) (JCPDS 9-432). At 700 °C, additional peaks
corresponding to 3-tricalcium phosphate (3-TCP, 3-Caz(POy),, JCPDS 09-0169) emerged,
consistent with the morphological changes observed in Figure 6. The formation of this biphasic
-TCP/HAp structure is expected to alter the dissolution behavior of the microspheres, which
may influence subsequent drug-release characteristics. Crystallite size, calculated using the
Scherrer method, increases from 15.7 to 29.1 nm with higher annealing temperatures (Table 2),
and the sharper diffraction peaks further confirm improved crystallinity.

Table 2. Grain size of G-HAM at different heat treatments.

Heat Treatment Temperature (°C) Grain Size (nm)
Microspheres without heat treatment 19.41
100 °C 15.68
350 °C 20.39
500 °C 25.47
600 °C 26.30

700 °C 29.11
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Figure 7. XRD analysis of G-HAM, showing phase evolution with increasing heat treatment tempera-
ture: (a) without heating, (b) 100 °C, (c) 350 °C, (d) 500 °C, (e) 600 °C, and (f) 700 °C.

The FTIR spectra of G-HAM annealed at various temperatures are shown in Figure 8.
Characteristic biopolymer bands—including amide I (C=O stretching, 1660 cm~!), amide IT
(N-H deformation, 1534 cm 1), and amide III (N-H deformation, 1220 cm~1)—as well as
the N-H stretching vibration at 3310 cm ™!, are observed in samples without heat treatment
and those treated at 100 and 350 °C. These functional groups gradually become less
pronounced with increasing temperature, indicating progressive condensation reactions. At
500 °C, the disappearance of these peaks suggests the decomposition of gelatin, consistent
with the major weight loss observed in its TGA /DSC curve (Figure 5b). Correspondingly,
as shown in the SEM images (Figure 6), the hydrangea-like structure of G-HAM begins
to collapse.

Meanwhile, phosphate-related HAp bands (500-1200 cm~!) become sharper with
increasing temperature from 100 °C to 600 °C, and OH-related bands at 630 and 3571 cm !
emerged, reflecting enhanced crystallization, corresponding to the improved crystallinity
shown in Figure 6. A reduction in carbonate bands (871, 1450 cm ') indicated decompo-
sition, while a new band at 744 cm~! confirms the formation of pyrophosphate species
(P,O747), partly derived from HPO,2~ [58]. At higher temperatures such as 700 °C, OH
bands weaken due to partial HAp-to-3-TCP transformation. Additional bands at 1457,
1544, and 2200 cm~! are also detected at 600 and 700 °C, attributed to C=C and C=N
groups. This suggests that HAp plays a role in retarding the combustion of carbon-related
fiber, compared with the total combustion of pure gelatin shown in Figure 5b.
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Figure 8. FTIR spectra of G-HAM, illustrating changes with increasing thermal treatment:
(a) untreated, (b) 100 °C, (c) 350 °C, (d) 500 °C, (e) 600 °C, and (f) 700 °C.

3.1.8. TEM Analysis of Composite Microspheres

The crystalline structures of the composite microspheres were examined by TEM
(Figure 9a—d). The nanocrystals exhibit a fibril-like morphology with diameters of 6 nm,
and the corresponding selected area electron diffraction (SAED) patterns show diffraction
rings indexed to the (211) and (213) planes of HAp, along with arc-shaped diffractions from
the (002) and (004) planes. The strong arcs indicate a preferential orientation along the
c-axis, consistent with XRD results and similar to the alignment of HAp with collagen fibers
in natural bone [60]. TEM images also reveal that G-HAM are composed of aggregated
fibrils, with HAp lattice structures present throughout, suggesting that the biopolymer did
not disrupt HAp crystallinity.

After annealing at 700 °C (Figure 9e,f), the fibril edges transformed into particle-
like structures. The arc-shaped diffraction features disappeared, and new diffraction
rings corresponding to 3-TCP ((024), (300)) appeared, confirming partial HAp-to-3-TCP
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transformation in agreement with XRD. The average fibril diameter increases to 25 nm,
likely due to thermally driven aggregation and reduced surface energy.

213) (211) (004)
(\l f ,l )

- (002)

(HA)

[(E i N )
4 (024)= \'_'G-mw

Figure 9. TEM analyses of G-HAM: Bright-field TEM micrographs at (a) low and (b) high mag-
nifications, with the corresponding SAED pattern shown in the inset of (b); high-resolution TEM
images recorded at magnifications of (c) 50,000x and (d) 80,000x; and bright-field TEM images of
G-HAM after heat treatment at 700 °C, showing (e) low- and (f) high-magnification views, with the
corresponding electron diffraction pattern presented in the inset of (f).

3.2. Drug Release

Four antibiotics—vancomycin, teicoplanin, zyvox, and gentamicin—were incorpo-
rated into G-HAM for in vitro release studies, with their structures shown in Figure 10.
Four drug release profiles in PBS (pH 7.4) are presented in Figure 11 for both G-HAM
untreated and G-HAM annealed at 700 °C (HAp-700). The drug release models are sum-
marized in Table 3.

For G-HAM, all drugs exhibit an initial burst release followed by a more sustained
release phase. The initial burst release is attributed to antibiotics adsorbed on the macro-
pore surfaces, whereas the subsequent slower release phase likely results from gradual
desorption and diffusion from the inner pores. Within the first 24 h, the cumulative release
reaches approximately 70% for vancomycin, 60% for teicoplanin, 90% for zyvox, and 95%
for gentamicin.
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According to the kinetic fitting results, vancomycin and teicoplanin showed release
behaviors consistent with the first-order model, suggesting that the release rate was pri-
marily governed by interfacial reactions resulting from the water dissociation. These two
antibiotics possess hydroxyl ({OH) groups and can form hydrogen bonds between drug
molecules and with the G-HAM matrix, while the greater molecular weight can form the
van der Waals force interactions. Consequently, stronger intermolecular forces contributed
to their slower and more prolonged release profiles. In contrast, zyvox showed poor corre-
lation with all three models, indicating a different release mechanism. Because zyvox lacks
hydroxyl groups with the least molecular weight, resulting in the weaker intermolecular
interactions, and revealing the greatest initial in 8 h. For gentamicin, the initial burst
release followed the first-order kinetic model, indicating that it was governed by interfacial
reaction control. However, the drug release in the first 24 h is the greatest one, since the
intermolecular interactions are relatively weak due to fewer hydroxyl groups and a lower
molecular weight than vancomycin and teicoplanin.

Figure 10. Chemical structures of (a) vancomycin, (b) teicoplanin, (c) zyvox, and (d) gentamicin.

Table 3. Correlation coefficients (R2) of different kinetic models for the release of antibiotics from
G-HAM at various time intervals.

RZ
Antibiotic Time 1st Order Higuchi’s Korsmeyer-Peppas’s

Vancomycin In24h 0.9457 0.9605 0.9448
After 24 h 0.9732 0.7859 0.857

Teicoplanin In24h 0.9203 0.9574 0.946
After24 h 0.9562 0.8131 0.8954

Zyvox In24h 0.7315 0.7526 0.863
After 24 h 0.7328 0.9091 0.8359

Gentamicin In24h 0.9973 0.9644 0.9635
After 24 h 0.8887 0.9192 0.9355

Figure 11 also demonstrates that the HAp-700 microspheres display markedly faster
release kinetics, achieving over 95% cumulative release within 20 h (complete release
of vancomycin, teicoplanin, and zyvox within 24 h, and gentamicin within 12 h). This
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difference can be attributed to both phase and morphological changes induced by annealing.
Figure 5c indicates that HAp-700 microspheres lost their porous structure and contained
significant amounts of 3-TCP, whose dissolution is known to accelerate drug release [61].
To further verify the effect of phase composition on the release behavior, dissolution
experiments using drug-unloaded G-HAM were conducted under the same conditions as
the release tests, as shown in Figure 12.
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Figure 11. Drug release curves of (a) vancomycin, (b) teicoplanin, (c) zyvox, and (d) gentamicin
loaded in untreated G-HAM and heat-treated microspheres at 700 °C (HAp-700), measured in
phosphate-buffered saline at 37 °C. The inset in each graph shows the release profile within the
first 24 h.
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Figure 12. Cumulative Ca?* ion concentrations released from untreated G-HAM without heat
treatment and those calcined at 700 °C (HAp-700) during immersion in PBS (pH 7.4).

The results confirmed the burst increasing Ca?* concentration in PBS for the initial
48 h, reflecting the higher solubility of HAp-700, approximately twice that of G-HAM. In
addition, the decrease in hydroxyl groups (-OH) during annealing reduced the potential
for chemical bonding between the antibiotic molecules and 3-TCP, also contributing to the
faster release observed in HAp-700.
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Overall, the composite microspheres demonstrate an initial burst—useful for immedi-
ate sterilization—followed by a prolonged release phase that could prevent infection. These
results suggest strong potential for application in bone tissue engineering. The formation
of the biphasic 3-TCP/HAp composite facilitates faster drug diffusion. This indicates that
heat treatment provides an effective approach to tune the crystalline phase composition of
G-HAM and, consequently, to modulate their drug-release kinetics.

It should be noted that the drug release tests in this study were performed in PBS to
maintain controlled conditions for kinetic analysis. While PBS provides a standardized
environment, it does not fully represent physiological complexity. Future work will include
release studies in more biologically relevant media, such as simulated body fluid (SBF),
Hank’s balanced salt solution (HBSS), or protein-containing media (e.g., serum or albu-
min solutions), to better evaluate antibiotic release from G-HAM under physiologically
representative environments.

3.3. Inhibition Zone Observations

For reference, Figure 13 illustrates a bacterial inhibition zone produced by teicoplanin
released from microspheres at different exposure times. The clear circular zones indicate
regions without bacterial growth. No inhibition is observed for control samples (micro-
spheres without antibiotic loading), confirming that antibacterial activity is solely due to
drug release.

Figure 13. Antibacterial activity illustrated by clear inhibition zones around wells loaded with 70 uL
of teicoplanin-containing elution solutions obtained from G-HAM at varying release times (1, 2, 4,
and 8 h) and the inhibition zones outlined with dotted lines for easier visualization.

The inhibition zones against Staphylococcus aureus for all tested antibiotics are presented
in Figure 14, consistent with the release profiles in Figure 11. Vancomycin exhibits a gradual
increase in inhibition zone diameter, continuing to expand up to approximately 75 h before
declining. Teicoplanin shows the most persistent antibacterial effect, with inhibition zones
steadily enlarging throughout the observation period. Zyvox maintains a relatively stable
inhibition zone and then gradually decreases, while gentamicin demonstrates the sharpest
decline in antibacterial activity, as its release is nearly complete within two days, leading to
the rapid decrease in the inhibiting zone.

Overall, zyvox and gentamicin, which exhibit faster release (about 90% and 95%
within 24 h), show strong antibacterial activity at the early stage; however, their inhibition
zones gradually diminish and eventually fall below the corresponding release curves,
indicating that although drug release continues, the concentration becomes insufficient to
maintain prolonged inhibition. This behavior is attributed to the high initial burst release,
which generates large inhibition zones (approximately 8-9 mm within the first 24 h) but
rapidly depletes the available drug, resulting in reduced long-term efficacy. In contrast,
teicoplanin and vancomycin, releasing about 60% and 70% of their load within the first
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24 h, respectively, form smaller initial inhibition zones (about 4-5 mm), while the former
maintains bacterial suppression for a much more extended period.
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Figure 14. Correlation of inhibition zone diameter with cumulative (a) vancomycin, (b) teicoplanin,
(c) zyvox, and (d) gentamicin concentration released from G-HAM into PBS solution.

The inhibition zones correlated well with the measured drug concentrations. The min-
imal inhibitory concentrations (MICs) of vancomycin, zyvox, teicoplanin, and gentamicin
against S. aureus were 1, 2, 2, and 8 mg/L, respectively [62]. At their MICs, vancomycin
produces no detectable inhibition zone, whereas zyvox, teicoplanin, and gentamicin gener-
ate zones of 2.5, 1.5, and 1.5 mm, respectively. The inhibition zones observed after 1 h of
release from the microspheres exceed these MIC-based values, indicating that the antibiotic
concentrations achieved within 50 mL of medium are sufficient to suppress bacterial growth
within 1 h.

The agar diffusion tests confirm that all antibiotics retain their activity after release and
achieve concentrations exceeding their MIC values. In addition, the antibiotic loading was
performed at 37 °C because the intended application of the composite microspheres is in the
human body, where 37 °C represents the physiological temperature. These findings indicate
that the antibiotics encapsulated within G-HAM remain chemically stable, biologically
active, and effective for potential applications in bone infection treatment.

3.4. Cell Experiment

Cytotoxicity of G-HAM was evaluated according to ISO 10993-5. Powders were
incubated in culture medium for 24 h, and the resulting extracts (undiluted, 1:1, and 1:4
dilutions) were applied to osteoblast-like cells, with complete medium as the negative
control and phenol-containing medium as the positive control. Quantitative results from
the MTT assay (Figure 15) show that the positive control (0.1% phenol) reduced cell viability
by 46%, while 0.01% phenol caused a 23% reduction. In contrast, microsphere extracts
exhibit only minor effects, with 5%, 2%, and 1% reduction in cell viability for the undiluted,
1:1, and 1:4 dilutions, respectively, confirming their non-toxic behavior and suitability for
tissue engineering.
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Cell viability (%)

Dilution

Figure 15. In vitro cytotoxicity assay performed according to ISO 10993-5 guidelines. Cells were
treated with material extracts either undiluted or diluted (1:1 and 1:4) for 24 h. Culture medium alone
served as the negative control (100% viability), while phenol-containing medium (0.1% and 0.01%)
was used as the positive control (n = 6). * Statistically significant difference between the negative
control and other groups.

Morphological observations under optical microscopy further confirm these results.
As shown in Figure 16a, the negative control exhibits a confluent monolayer of evenly
distributed osteoblast-like cells with normal morphology. In contrast, the positive control
(Figure 16b) shows disrupted growth, irregular cell shapes, open areas between cells, and
abnormal cytoplasmic features, indicating extensive cell lysis. Cells exposed to undiluted
extracts (Figure 16¢) maintain normal morphology and confluence, closely resembling
the negative control (Figure 16a), and no visible damage is observed at diluted extract
concentrations. Both quantitative and qualitative assessments demonstrate that G-HAM
do not induce cytotoxic effects, with osteoblast-like cells maintaining high viability and
normal morphology. These findings, summarized in Table 4, are consistent with ISO 10993-
5 guidelines [49,63], further supporting the biocompatibility of the material for potential
biomedical applications.

100 pm
ey

Figure 16. Representative microscopic images of cells after 24 h incubation at 100x magnification.
(a) Negative control: complete culture medium. (b) Positive control: medium supplemented with
0.1% phenol. (c) Undiluted material extract.

Table 4. The summary of the cytotoxicity test.

Cellular Response

confluency
Cell membrane lysis
Aggregation
Granulation
Paraquat toxicity

Negative (Medium Positive Control (Medium Material Extract
Without Material Extracts) Containing 0.1% Phenol Solution)  (Undiluted Extract)
Normal Cannot be observed Normal
Not existing Existing Not existing
Not existing Existing Not existing
Not existing Existing Not existing

Not existing Existing Not existing
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In the direct contact method, osteoblast-like cells were cultured in the presence of
G-HAM, and viability was assessed using the trypan blue exclusion assay. As shown
in Figure 17, cell proliferation increased over time and, although slightly lower than the
control (tissue culture plate) during the early stages, surpassed the control by day 14,
increasing from 10* to 3 x 10* cells/cm?. This indicates that G-HAM supprt long-term cell
growth but do not adversely affect viability.

4.0

—=a— control

25 —O— microspheres

3.0
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2.0+

Cell number x 10° (cells/ml)

T T T T T T T T
0 2 4 6 8 10 12 14

Incubation time (days)

Figure 17. Proliferation of osteoblast-like cells over time when cultured in the presence of G-HAM
compared with the control group.

FESEM images (Figure 18) further confirmed favorable interactions between cells and
G-HAM. Osteoblast-like cells adhered well, forming confluent monolayers with polygonal
or elongated morphology. Filopodia extended across surfaces and into pores, bridging
adjacent microspheres and demonstrating active attachment. These observations suggest
that G-HAM exhibit excellent biocompatibility and bioactivity.

6kvVv.  x5000 1um WD9.3mm

Figure 18. FESEM micrographs observed at two areas at x5000, showing osteoblast-like cells adhered
to the microsphere surfaces after 14 days of culture.

4. Conclusions

Composite microspheres consisting of the bioactive ceramic hydroxyapatite
(Ca19(PO4)s(OH),, HAp) and a biodegradable polymer gelatin were successfully fabricated
using a wet-chemical method. SEM analysis confirmed that the gelatin-HAp composite
microspheres (G-HAM) exhibited a porous architecture. ICP-MS results indicated a Ca/P
ratio of 1.69, closely matching the 1.67 value typical of human bone, while concentrations
of trace elements were well below the ASTM 1185-03 limits. XRD and FTIR analyses
verified the coexistence of inorganic and organic phases; however, partial conversion of
HAp to 3-TCP occurred upon annealing at 700 °C. In vitro release studies demonstrated
that vancomycin- and teicoplanin-loaded G-HAM achieved more prolonged release than
zyvox and gentamicin, attributed to their greater molecular weight and strong binding of
calcium ions by carboxyl groups in their molecular structures. Compared with annealed
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G-HAM, the as-prepared porous G-HAM showed slower drug release, highlighting the role
of porosity in sustaining antibiotic delivery. Moreover, heat treatment at 700 °C resulted
in the formation of a 3-TCP/HAp composite that significantly enhanced the drug-release
rate, demonstrating the potential of thermal processing as a practical means for tuning
antibiotic delivery profiles. The relationship between release kinetics and antibacterial
behavior is also evident. Antibiotics with a higher initial burst, such as zyvox and gen-
tamicin, produce larger inhibition zones initially but then gradually decrease. In contrast,
vancomycin and teicoplanin, which exhibit a more gradual release, maintain smaller but
longer-lasting inhibition zones. These findings confirm that the encapsulated antibiotics
remain chemically stable and biologically active after release, achieving concentrations
exceeding the minimum inhibitory concentration within 1 h in 50 mL PBS. Cytotoxicity
evaluation further showed that G-HAM were biocompatible and bioactive. Osteoblast-like
cells adhered well, spread effectively, and formed confluent monolayers on their surfaces.
These results suggest that the composite microspheres are promising candidates for drug
carriers and hard tissue engineering.
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