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Sustained Antibiotic Release from Biodegradable
Gelatin–Silica Hybrid for Orthopedic Infections

Yu-Chien Lin, Chin-Yun Lee, Julian R. Jones, Wai-Ching Liu, Nam-Joon Cho,*
Chih-Chien Hu,* and Ren-Jei Chung*

Antibiotic-loaded polymethylmethacrylate (PMMA) beads are commonly
employed to treat prosthetic joint infections (PJI) and chronic osteomyelitis
due to their excellent mechanical strength. However, PMMA’s
non-degradability results in a burst release of antibiotics and potential renal
toxicity, necessitating additional surgeries for bead removal. There is a critical
need for infection control materials that can deliver antibiotics effectively,
maintain adequate mechanical strength, and degrade uniformly. This study
introduces a gelatin–silica hybrid antibiotic carrier, characterized by covalent
bonds between the gelatin and silica networks. The incorporation of the silica
network enhances the compressive strength to 32.53 ± 2.4 MPa and ensures
uniform degradation over 6 months, aligning with clinical timelines.
Furthermore, the gelatin–silica hybrid can support up to 10 wt% antibiotic
loading without compromising its properties, making it a promising candidate
for next-generation infection control materials.

1. Introduction

Orthopedic infection is a highly complex and difficult-to-avoid
problem.[1] Although the demand for orthopedic implant surg-
eries such as total hip arthroplasty and total knee arthroplasty
has been increasing, the risk of periprosthetic joint infection (PJI)
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also rises with factors like patient age and
material fatigue.[2] ≈15% of patients de-
velop PJI after hip repair and 25% for
knee repairs, with a five-year mortality
rate higher than that of breast cancer.[3]

Hip arthroplasty revision rates due to
deep infections are expected to increase
from 8.4% in 2005 to 47.5% by 2030,
and for knee arthroplasty repairs, an in-
crease from 16.8% to 65.5% is predicted.[4]

In the conventional treatment for chronic
osteomyelitis, a two-stage surgery is per-
formed. First, the implant is removed,
and the area is thoroughly cleaned. Then,
local antibiotic carriers are placed to treat
infections.[5] Therefore, a combination of
different antibiotics is necessary to provide
comprehensive treatment.[6] Currently,
antibiotic-loaded polymethylmethacrylate
(PMMA) beads are used clinically to treat

PJI and chronic osteomyelitis.[7] Initially, PMMA beads release
a burst of antibiotics in the first week, followed by a signifi-
cant decline in concentration.[8] This burst release can stress
the body and potentially cause acute kidney injury, while the
prolonged low-level release may lead to drug resistance or
biofilm formation.[9] Studies indicate that PMMA beads typically
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release only ≈5% of their total antibiotic content, limiting precise
dosage control and optimal treatment.[10] After the inflammation
is cleared, a second surgery is required to remove the PMMA
beads and perform subsequent implantation. Local antibiotic de-
livery is currently a method to improve treatment outcomes and
enhance biofilm eradication.[11] Due to the lack of effective long-
term antibiotic carriers, patients using PMMA beads still need to
take antibiotics orally or via injection for up to 6 weeks.[12] For
elderly or diabetic patients, the treatment duration may extend
to 8–12 weeks or longer,[13] causing significant medical burdens.
To address this, there is a need to develop a material that can
provide sustained drug release, fill voids created during debride-
ment, and promote tissue healing as it gradually degrades, elim-
inating the need for secondary surgery. This carrier should sup-
port tissue repair, fill post-debridement voids, and ensure long-
term stable antibiotic release.

Here, we have designed a gelatin–silica hybrid material that
addresses the aforementioned requirements. From our previous
research,[14] it can be inferred that by altering the ratio of (3-
Glycidyloxypropyl)trimethoxysilane (GPTMS) coupling agent to
gelatin, there can be an increase in inorganic-organic coupling.
This results in the provision of a covalent link from the organic
gelatin molecules to the inorganic silicate network, forming co-
valent bonds at the molecular scale.[15] As a result, the material
exhibits the characteristics of organic compounds such as drug-
loading capability, moldability, and biodegradability.[16] The inor-
ganic component provides overall material strength, slows degra-
dation, and generates numerous active sites of Si─OH during the
hydrolysis process of silica. These active sites can supply metal
ions (e.g., calcium, phosphate ions) required for new bone for-
mation, promoting the repair of surrounding bone tissue.[17] Ad-
ditionally, degradation of silica networks releases silica species
which can stimulate collagen and new blood vessel formation.[18]

Complete material degradation enables precise dosage during
drug administration, with adjustable drug release and degrada-
tion rates achieved by modulating the composition ratio. These
rates can range from hours to months, alongside customizable
mechanical properties. Moreover, the gelatin–silica hybrid mate-
rial allows antibiotic mixing within ≈15–20 min without generat-
ing any exothermic reactions. It can be shaped through molding,
injection, or manual techniques. The advancement of this ma-
terial offers promise in enhancing the effectiveness of antibiotic
carriers for PJI applications.

2. Results and Discussion

2.1. Chemical and Composition Characterizations

Gelatin-silica hybrids and drug-loaded gelatin–silica hybrids were
synthesized by incorporating GPTMS-functionalized gelatin into
a sol of hydrolyzed tetraethyl orthosilicate (TEOS), with the drug
directly mixed during polymerization.[14] To verify the successful
synthesis of both gelatin–silica hybrids and drug-loaded gelatin–
silica hybrids, Fourier transform infrared spectroscopy (FTIR)
analysis was performed. Figure S1 (Supporting Information) dis-
plays the FTIR spectra of 70S/30G (70 wt% silica/30 wt% gelatin),
60S/40G, and 50S/50G. Figure 1a displays the FTIR spectra of
TEOS, Gelatin, 60S/40G, and 60S/40G-CV (10 wt% CV loaded
in 60S/40G, where CV is a 1:1 mixture of C (ceftazidime) and

V (vancomycin), totaling 10 wt% load). Hydrolyzed TEOS shows
bands at 1059 and 1640 cm−1, corresponding to Si─O─Si stretch-
ing and O─H vibration due to water presence.[19] Gelatin features
characteristic bands at 666 cm−1 (N─H wagging), 1549 cm−1

(N─H bending, amide II), 1640 cm−1 (C═O stretching, amide
I), and 3320 cm−1 (N─H stretching).[20] The spectra of 50S/50G,
60S/40G, and 70S/30G show absorption bands at 1549, 1640, and
3320 cm−1, indicating the formation of a gelatin–silica hybrid.[14]

The FTIR peaks remained consistent despite increased silica
content. For antibiotic-loaded 60S/40G-CV, no additional peaks
were observed due to overlapping bands. The gelatin–silica hy-
brid, covalently bonded via GPTMS, consists of organic gelatin,
which has a significantly lower thermal decomposition temper-
ature compared to silica. The organic-to-inorganic ratio can be
evaluated using TGA analysis.[14] Figure 1b indicates that pure
Gelatin exhibits a 99.8 wt% weight loss, while hybrid materials re-
tain significant weight. For 50S/50G, 60S/40G, and 70S/30G, the
remaining inorganic content is 40.15%, 47.72%, and 50.35%, re-
spectively. The slight deviation from nominal values is due to the
calculation based on gelatin and silicon (Si), with other organic
compounds potentially present.

The chemical structure of the gelatin–silica hybrid is essen-
tial for its properties, and 1H nuclear magnetic resonance (NMR)
spectroscopy has been used to elucidate this structure before and
after coupling[14] and epoxy-amino reactions.[21] Figure 1c shows
the chemical structures of GPTMS, hydrolyzed TEOS, and the
gelatin–silica hybrid. Covalent bonding between gelatin and silica
is facilitated by GPTMS, which has three methoxy groups on one
side and an epoxy ring on the other. Notable characteristic peaks
are labeled, with the epoxide ring of GPTMS appearing at 2.6 and
2.8 ppm.[22] In an acidic environment, TEOS hydrolyzes and un-
dergoes polymer condensation, forming a Si─O─Si network and
Si─OH groups.[23] GPTMS also reacts under very acidic condi-
tions (pH 2), where silanols form and begin to condense, creating
a network that reacts with GPTMS to form strong bonds. GPTMS
is first added to gelatin, where COOH groups on the gelatin cat-
alyze the opening of the epoxy ring. This leads to the formation
of diols in higher oligomers, creating short-chain molecules with
a methoxysilane group at the end.[24] This results in a significant
decrease in the peaks at 2.6 and 2.8 ppm, indicating the success-
ful opening of the epoxide ring.[25] When hydrolyzed TEOS is in-
troduced into the GPTMS and gelatin solution, the formation of
the gelatin–silica hybrid solidifies more rapidly with increasing
TEOS. Amine groups on gelatin act as catalysts, accelerating sil-
ica condensation to form stable silicon pentavalent species and
a robust Si─O─Si network.[26] This confirms the successful syn-
thesis of the gelatin–silica hybrid.

2.2. Material Properties Analysis

The surface morphologies of the hybrids observed using scan-
ning electron microscope (SEM), are shown in Figure 2. Samples
were freeze-dried before observation. Pure gelatin (Figure 2a)
exhibits a porous structure with varying pore sizes. In con-
trast, gelatin–silica hybrids in Figure 2b–d show continuous sur-
faces regardless of silica content. This smoothness is due to co-
valent bonds between gelatin and the silica network, prevent-
ing pore formation during freeze-drying. Energy dispersive X-
ray (EDX) confirmed the presence of carbon and silicon, with
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Figure 1. a) FTIR analysis of hydrolyzed TEOS, Gelatin, 60S/40G, and 60S/40G-CV; b) TGA analysis of gelatin–silica hybrids with various silica concen-
trations; c) 1H NMR spectra of GPTMS, hydrolyzed TEOS, and gelatin–silica hybrid.

homogeneous distribution in all hybrids (Figure S2, Support-
ing Information). Antibiotic-filled gelatin pores are shown in
Figure 2e,m. Cross-sectional images reveal multiple internal frac-
ture patterns in hybrids with high silica content Figure 2j. The
50S/50G samples exhibit creamy scoop structures due to plastic
deformation (Figure 2l,p).[27] The 60S/40G samples show a bal-
anced combination of inorganic and organic components with-
out brittle fractures. SEM images demonstrate the homogeneous
and continuous structure of the gelatin–silica hybrid compared to
porous gelatin.

Figure 3a–c shows the swelling ratio, compressive strength,
and Young’s modulus of the hybrid, while Figure 3d–f presents
these properties in antibiotic-loaded hybrids. Hybrids exhibit sus-
tained swelling over 12 h. The 50S/50G hybrid, with higher
gelatin content, swells by 26.81 ± 0.69%, compared to 70S/30G’s
16.69 ± 0.35%. Antibiotic-loaded hybrids show reduced swelling,
with 50S/50G-CV swelling by 14.33 ± 0.59% and 70S/30G by
5.91 ± 0.72%. Higher silica content forms a compact structure,
reducing swelling compared to gelatin-rich hybrids.[28]

Figure 3b,c,e,f, illustrate the mechanical properties of gelatin–
silica hybrid materials (50S/50G, 60S/40G, and 70S/30G) with
and without antibiotics. The 50S/50G hybrid has the highest
stress-strain to failure due to its higher organic content, en-

hancing strain capacity. The 70S/30G hybrid, with higher sil-
ica content, exhibits brittleness and the lowest strain to fail-
ure. Young’s modulus increases from 101.09 ± 3.57 MPa for
60S/40G to 331.54 ± 16.08 MPa for 70S/30G. Adding antibiotics
to 50S/50G significantly decreases compressive strength from
32.53 ± 2.4 MPa to 15.14 ± 1.8 MPa. This reduction is due to
the competition for moisture during hybrid synthesis, leading to
particle aggregation and creamy scoop structures (Figure 2h,p),
weakening structural strength. The 70S/30G composition, lack-
ing sufficient organic gelatin, fails to maintain structural in-
tegrity under stress. The 60S/40G hybrid exhibits the most stable
mechanical properties, indicating an optimal inorganic-organic
blend. Figure 3g, demonstrates the 50S/50G hybrid with a higher
proportion of gelatin, hence exhibiting the characteristics of an
elastomer. Upon compression, it promptly returns to its original
shape.

2.3. Degradation and Drug Release

The properties of the drug carrier are crucial for sustainable an-
tibiotic release. The degradation characteristics of the carrier im-
pact the drug release rate; as the carrier degrades, the drugs are
released. Uniform degradation is essential for controlled drug
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Figure 2. a–h) SEM images show the top view of Gelatin, 70S/30G, 60S/40G, and 50S/50G both with and without antibiotics. i–p) Cross-section SEM
images depict Gelatin, 70S/30G, 60S/40G, and 50S/50G with and without antibiotics.

release. Inorganic-organic hybrids are designed to achieve uni-
form degradation.[29] Traditional composites often have mate-
rial interfaces that can accelerate localized degradation and re-
sult in non-uniform degradation. However, molecular-scale hy-
brids form stable structures through covalent bonds, ensuring
uniform degradation. For example, Tallia et al.[18b] investigated
a silica/poly(tetrahydrofuran) (PTHF)/polycarprolactone (PCL)-
diCOOH hybrid system, showing that controlled silica content
alters mechanical properties. PCL, a biodegradable polymer, ex-
hibited a weight loss of 14.5 ± 0.5 wt% over 7 days without com-
promising mechanical properties.

Figure 4a,b shows that pure gelatin dissolves completely
within 7 days, whereas hybrids degrade slowly and continuously.
By 17 weeks, mass loss for 70S/30G, 60S/40G, and 50S/50G
was 66.52 ± 2.44%, 84.68 ± 2.07%, and 92.41 ± 1.08%, re-
spectively. Even with antibiotics, mass loss rates were similar.
In Figure S3 (Supporting Information), enzyme simulations
with 0.5 mg mL−1 lysozyme over 9 weeks showed mass loss
of 57.97 ± 0.78% (70S/30G), 77.67 ± 1.91% (60S/40G), and
84.68 ± 1.61% (50S/50G). Antibiotic-loaded hybrids showed sim-
ilar trends. Hybrids with gelatin degrade significantly faster un-
der enzyme action, reducing degradation time from 17 to 9
weeks.[30] In the presence of lysozyme, demonstrating gelatin in-
creases proteolytic degradation, the hybrid can still degrade uni-
formly over 9 weeks. This is in contrast to previous studies using

different crosslinking methods to prepare gelatin-based materi-
als. For example, the Poly(L-lactic acid) (PLLA) and gelatin com-
posite degrades with the gelatin structure collapsing on the first
week.[31] Gelatin methacrylate crosslinked using UV radiation[32]

and ionically crosslinked gelatin-alginate hydrogel[33] can main-
tain structural integrity for ≈2 weeks due to the higher crosslink-
ing strength. The gelatin–silica hybrid demonstrates better struc-
tural stability compared to other gelatin-based materials.

Figure 4c,d displays cumulative drug release experiments with
10 wt% Ceftazidime or Vancomycin in the hybrid. Pure gelatin
degrades in 7 days, with hybrids showing uniform degrada-
tion and drug release. Initial 7-day release was ≈19.46 ± 0.71%
(70S/30G-C), 20.94 ± 0.25% (60S/40G-C), and 21.37 ± 0.91%
(50S/50G-C). For Vancomycin, 24.32 ± 0.51% (70S/30G-V),
24.41± 1.11% (60S/40G-V), and 21.41± 1.56% (50S/50G-V) were
released. This initial burst is likely due to surface-exposed antibi-
otics. By day 147, drug release reached 78.56 ± 2.71% (70S/30G-
C), 84.37 ± 4.44% (60S/40G-C), and 94.70 ± 2.99% (50S/50G-C),
with similar results for Vancomycin hybrids.

The experiment demonstrates a crucial correlation between
drug release and material degradation. Regardless of enzyme
presence, gelatin–silica hybrids exhibit excellent, adjustable
degradation characteristics. The degradation experiment in-
volved replacing half of the cocultured medium at each time
point until the end of the experiment. Antibacterial testing of the
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Figure 3. a) Swelling ratio of Gelatin, 70S/30G, 60S/40G, and 50S/50G; b,c) compression test and Young’s modulus of 70S/30G, 60S/40G, and 50S/50G;
d) swelling ratio of Gelatin, 70S/30G, 60S/40G, and 50S/50G with antibiotics; e,f) compression test and Young’s modulus of 70S/30G, 60S/40G, and
50S/50G with antibiotics. g) 50S/50G hybrid was shaped using a 25 mm diameter and 50 mm height Teflon mold and dried at room temperature. The
image illustrates, from left to right, the manual compression of the material and its subsequent recovery.

collected medium over 1–5 months showed clear inhibition
zones against Staphylococcus aureus (S. aureus) Figure 4e and Es-
cherichia coli (E. coli) Figure 4f. Vancomycin was more effective
against S. aureus, and Ceftazidime against E. coli, confirming sus-
tained antibacterial efficacy over five months.

2.4. In Vitro Tests

To confirm the non-toxicity of the material to eukaryotic cells,
L929 cells were used to measure the biocompatibility of hybrids
containing Ceftazidime or Vancomycin antibiotics, as shown in
Figure 5a,b. Regardless of the presence of both antibiotics in
the hybrid material, cell viability exceeded 90% relative to basal
media control. In Figure S4 (Supporting Information), rBMSCs
were used to evaluate the biocompatibility of 60S/40G hybrids
containing different antibiotics, with the lowest cell viability ex-

ceeding 93.96% of the control. Therefore, it was concluded that
the hybrid exhibited excellent biocompatibility. Additionally, alka-
line phosphatase (ALP) activity testing using rat bone mesenchy-
mal stem cells (rBMSCs) as shown in Figure 5c, with Control
representing the culture medium and OT representing the os-
teogenic medium, compared the 60S/40G hybrid with the inclu-
sion of both antibiotics. It was evident that the hybrid demon-
strated favorable ALP activity. Turner et al.[34] conducted a quanti-
tative review of Si species released on cell behavior, revealing that
Si at concentrations of 15–50 ppm can increase cell metabolic ac-
tivity and enhance the proliferation of osteoblasts. As the concen-
tration of released Si increases to 160 ppm, it can further assist in
the proliferation of human osteoblasts and new bone formation.
Due to the ability of Si ions to react with different elements in the
human body such as Ca, P, and Na, creating a microenvironment
preferred by cells, thus ALP activity increases.[35]
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Figure 4. Illustrates the degradation patterns of Gelatin, 70S/30G, 60S/40G, and 50S/50G: a) with and b) without antibiotics. Additionally, c) displays
the cumulative drug release of Gelatin, 70S/30G, 60S/40G, and 50S/50G with Ceftazidime, while d) presents the release with Vancomycin antibiotics.
The antibacterial efficacy was assessed through e) tests against Staphylococcus aureus (S. aureus) and f) samples tested against Escherichia coli (E. coli),
accompanied by optical images showing the zone of inhibition. (Red numbers 1, 2, 3, 4, and 5 represent the months in which the same arrangement
occurs in all samples.) * indicates p < 0.05.
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Figure 5. a) The CCK-8 test measures the viability of rBMSCs on gelatin, 70S/30G, 60S/40G, and 50S/50G with Ceftazidime, and b) The CCK-8 test
measures the viability of rBMSCs on gelatin, 70S/30G, 60S/40G, and 50S/50G with Vancomycin co-cultured with L929 fibroblasts. c) displays the rBMSCs
ALP activity test results for 60S/40G, 60S/40G-C, and 60S/40GV over 1, 3, 7, 10, and 14 days. The control represents the culture medium, and OT
represents the osteogenic medium. *** indicates p < 0.001.

2.5. In Vitro Wound Healing Assay and Hemolysis Test

Compared to traditional antibiotic-loaded PMMA beads, gelatin–
silica hybrid has demonstrated excellent and homogeneous
degradation properties. However, as the hybrid serves as a drug
carrier, it also occupies the position of the wound. Therefore, the
material’s role in wound healing is crucial. This study utilized an
in vitro wound healing assay to simulate cell migration for bridg-
ing and repairing, and to monitor the healing process.[36] The
microscopic results of co-culturing the material with L929 cells
for 24 h are presented in Figure 6a. In Figure 6b, the changes in
the wound area were statistically analyzed. At 3 h, hybrids with
added antibiotics exhibited a significant wound healing effect,
with the 60S/40G hybrid showing better wound healing than the
medium alone. Previous research has suggested that adding to-
bramycin antibiotics to hydrogels may induce endoplasmic retic-
ulum stress in cells, promoting cell migration.[37] Alternatively,
different antibiotic concentrations may stimulate immune cell
migration, achieving a defensive effect against infection. Cef-
tazidime, in particular, has a direct positive effect on granulocyte-
stimulated migration.[38]

The hemolysis rate is crucial for assessing the biocompatibil-
ity of implanted biomedical materials. According to ASTM F756
Standard Practice for Assessment of Hemolytic Properties of Ma-
terials, a hemolysis rate and hemolysis index below 2% can be
defined as non-hemolytic. Figure 6c,d illustrates the hemolytic
properties of the material. It is evident that rat blood exhibits
complete hemolysis in a DI water environment. However, the
hybrid material consistently demonstrates hemolysis rates be-
low 0.5% and hemolytic indices below 1% under any conditions.
Therefore, the hybrid material exhibits excellent biocompatibility
regardless of the presence of antibiotics.

2.6. In Vivo Studies and Bone Defect Observation

Figure 7 presents the hematoxylin and eosin (H&E)-stained his-
tological section analysis of the cranial defect experiment. The hy-
brid material is well-integrated with surrounding tissues, show-
ing no distinct interface and indicating excellent biocompatibil-
ity. Only a slight inflammatory reaction is observed. Partial new
bone regeneration and vascular formation are seen 3 weeks post-

surgery. By 13 weeks, new bone formation is evident along the
material boundaries, with noticeable material degradation. The
60S/40G-C sample shows significant immune cell accumulation.
Figure 8 shows the Masson’s trichrome staining results. At 3
weeks, all samples exhibit new blood vessel formation and colla-
gen fiber growth. By 13 weeks, significant muscle fiber formation
is observed, with the 60S/40G-C sample displaying higher cell
nucleus density. Previous studies indicate that some antibiotics
may affect the immune response, with Ceftazidime enhancing
immunoregulatory functions such as chemotaxis and phagocy-
tosis, while Vancomycin has minimal impact.[39]

Figure 9 presents computed tomography (CT) scan results of
cranial defects in Sprague Dawley (SD) rats at 1, 3, 9, and 13
weeks, showing bone defect healing. Table 1 lists the areas of
bone defect repair. During the first three weeks of wound healing,
60S/40G samples exhibited better bone repair effects. Over time,
at 13 weeks, the untreated control group showed 40.1 ± 2.7%
bone healing, compared to 43.7 ± 0.8% for 60S/40G, 38.8 ± 2.2%
for 60S/40G-C, and 32.8 ± 1.8% for 60S/40G-V. Previous studies
have suggested that antibiotics play a role in infection resistance,
and through the synergistic action of the immune system, an-
tibiotics stimulate the release of cytokines and growth factors.
This leads to a positive cascade effect that recruits additional
cells and stimulates the migration of mesenchymal stem cells
for wound repair.[40] However, research on sustained and high-
concentration antibiotic-release carriers is limited. It is widely be-
lieved that prolonged and high-concentration antibiotics can im-
pact bone and bone healing. Garza et al. suggest that the inflam-
matory cytokine IL-1𝛽 and keratinocyte-dependent IL-1R-MyD88
signaling are necessary and sufficient for bacteria to promote re-
generation, and complete elimination of bacteria is unfavorable
for wound repair.[41] In Giannoudis et al.’s review article, con-
tradictory results were found in 17 in vivo studies on antibiotics
and bone healing.[42] The major consensus is that high concen-
trations of antibiotics may inhibit osteoblast proliferation,[43] and
in higher concentrations, cell apoptosis may occur. The most con-
troversial point is the concentration of antibiotic use, but in clin-
ical practice, the removal of infection risk is considered a priority
over slowing bone tissue healing.

Blood parameters, including GOT, GPT, BUN, and CRE, were
measured and are presented in Table 2.[44] GOT, GPT, and
BUN indices are associated with damage to vital organs such

Adv. Funct. Mater. 2024, 2409491 © 2024 Wiley-VCH GmbH2409491 (7 of 14)
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Figure 6. a) Wound healing assay to evaluate the cell migration rate on the material for 24 h; b) the trend bar chart of cell migration area; c) hemolysis
of the materials; d) the optical images of the hemolysis test and the lists of hemolysis rate and hemolytic index for DI water, 60S/40G, 60S/40G-C, and
60S/40G-V, respectively. * and *** indicate p < 0.05 and p < 0.001.
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Figure 7. H&E staining of 60S/40G, 60S/40G-C, and 60S/40G-V applied on cranial defect for 1, 3, and 13 weeks. Blue arrows indicate the inflammation
area, while yellow arrows indicate the new bone regeneration area. The scale bars are 100 μm.

Figure 8. Masson’s trichrome staining of 60S/40G, 60S/40G-C, and 60S/40G-V applied on cranial defect for 1, 3, and 13 weeks. Green arrows indicate
muscle fibers, yellow arrows indicate collagen fibers and the red arrow indicates cell nuclei. The scale bars are 100 μm.
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Figure 9. CT images of cranial defect repair through the implantation of 60S/40G, 60S/40G-C, and 60S/40G-V to aid in defect repair. CT images were
used to observe the new bone formation and defect healing at 1, 3, 9, and 13 weeks after the implantation of materials.

Table 1. The list of bone defect healing areas at 1, 3, 9, and 13 weeks de-
termined through CT images; healing areas were calculated using ImageJ.

Samples Control 60S/40G 60S/40G-C 60S/40G-V

1 week 5.4 ± 1.9% 10.4 ± 1.8% 14.7 ± 1.8% 11.3 ± 1.9%

3 weeks 8.2 ± 1.9% 19.9 ± 0.7% 23.6 ± 2.7% 15.4 ± 1.3%

9 weeks 35.8 ± 2.3% 34.0 ± 0.5% 32.4 ± 3.0% 24.5 ± 1.5%

13 weeks 40.1 ± 2.7% 43.7 ± 0.8% 38.8 ± 2.2% 32.8 ± 1.8%

as the heart, liver, and kidneys. The distribution of GOT and
GPT values did not indicate significant damage in the mean
values.[45] However, in the 13-week experiment, the BUN indices
of the 60S/40G-C and 60S/40G-V groups were slightly higher
compared to the control and 60S/40G hybrid groups, possibly
due to the increased renal load caused by prolonged antibiotic
release. Nevertheless, these values remained within the refer-
ence range. On the other hand, the CRE values in all groups
consistently fell below the reference range. Since CRE is an

Adv. Funct. Mater. 2024, 2409491 © 2024 Wiley-VCH GmbH2409491 (10 of 14)
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Table 2. Serum levels of AST (GOT), GPT (ALT), BUN, and CRE in SD rats after the implantation of hybrid materials. Reference ranges are based on
literature.[44] The full names of the indicators are as follows: AST: Aspartate Aminotransferase (also known as GOT: Glutamic-Oxaloacetic Transaminase),
ALT: Alanine Aminotransferase (also known as GPT: Glutamic-Pyruvic Transaminase), BUN: Blood Urea Nitrogen, CRE: Creatinine.

Sample AST/GOT [U/I] ALT/GPT [U/I] BUN [mg/dl] CRE [mg/dl]

Week 1 Control 122.00 ± 8.48 50.50 ± 12.02 28.85 ± 3.46 0.28 ± 0.05

60S/40G 88.00 ± 5.65 30.50 ± 0.71 19.25 ± 0.07 0.29 ± 0.01

60S/40G-C 169.11 ± 19.79 43.54 ± 2.12 17.20 ± 0.98 0.25 ± 0.06

60S/40G-V 104.72 ± 7.12 43.33 ± 15.55 19.15 ± 4.45 0.27 ± 0.01

Reference range 37–205 6–114 13–29 0.4–1.5

Week 13 Control 96.00 ± 11.31 41.00 ± 7.07 17.65 ± 0.07 0.29 ± 0.01

60S/40G 126.50 ± 17.67 42.00 ± 7.07 17.45 ± 0.07 0.24 ± 0.01

60S/40G-C 129.41 ± 66.46 42.35 ± 7.07 21.65 ± 6.01 0.28 ± 0.02

60S/40G-V 135.00 ± 72.12 40.50 ± 6.36 21.15 ± 0.49 0.23 ± 0.00

Reference range 37–205 6–114 13–29 0.4–1.5

indicator of muscle metabolism, the lower values may be at-
tributed to a decrease in muscle mass resulting from reduced
physical activity post-surgery, ultimately leading to lower CRE
levels throughout the experiment.[46] This study successfully
prepared a controllable and homogeneous gelatin–silica hy-
brid for controlled degradation and antibiotic release. However,
prolonged high-concentration antibiotic release may slow bone
growth. In practical applications, infection elimination is priori-
tized, so antibiotic concentration should be adjusted as needed.
Future research on sustained antibiotic release for bone regener-
ation is essential.

3. Conclusion

Taken together, a biodegradable and uniformly degradable antibi-
otic carrier has been successfully developed. The gelatin–silica
hybrid functions as an effective degradable antibiotic carrier, ex-
hibiting exceptional operability. By adjusting the silica content,
both mechanical properties and degradation rate can be man-
aged. Additionally, the hybrid permits the incorporation of high
antibiotic concentrations, up to 10 wt%, without compromising
its mechanical integrity, demonstrating consistent degradation
and drug release characteristics. Even after 5 months of antibi-
otic release, it retains effective antibacterial properties. While in
vivo experiments indicate a slight reduction in bone healing effi-
ciency for hybrids containing antibiotics compared to those with-
out, they ensure infection risk elimination without significant
harm to vital organs.

4. Experimental Section
Materials: Gelatin powder from porcine skin (Type A, gel strength

≈300 g Bloom), L-Ascorbic acid, Cell Counting Kit-8 (CCK-8), and
Sodium sulfate (Na2SO4) were purchased from Sigma Aldrich, USA. Tris
(Base), Sodium Bicarbonate (NaHCO3), Calcium Chloride (CaCl2), Mag-
nesium phosphate,6-hydrate (MgCl2·6H2O), Potassium Chloride (KCl),
Sodium Chloride (NaCl), and Dipotassium phosphate (K2HPO4) were
purchased from J.T Baker/USA. 3-Glycidoxypropyltrimethoxysilance, 97%
(GPTMS), Tetraethyl orthosilicate (TEOS), and hydrogen chloride (HCl)
were purchased from Jingming Chemicals, Taiwan. Minimum Essen-
tial Medium (Alpha Medium) and Dulbecco’s Modified Eagle Medium
(DMEM) were purchased from Invitrogen, USA. MEM-non-essential

amino acid, 5% Trypsin-EDTA, and Penicillin-Streptomycin (PS) were pur-
chased from Gibco, USA. Hydrogen Chloride (HCl) was purchased from
Hanawa, Japan. Fetal Bovine Serum (FBS) was purchased from Bio-
logical Industries/Israel. ß-Glycerphosphoric acid was purchased from
ACROS/Belgium. Sodium Phosphate Dibasic Dihydrate (NaHPO4·2H2O)
was purchased from Riedel-de Haën, Germany.

Preparation of Gelatin and Silica Hybrid: Organic and inorganic
(gelatin-silica) hybrids were synthesized by controlling the ratios between
gelatin and TEOS precursors. Three different ratios of gelatin were pre-
pared by dissolving gelatin in distilled water at 40 °C. The solution was
stirred continuously at 400 rpm until completely dissolved. Then, GPTMS
was added to the gelatin solution and stirred for 30 min for ring-opening
and amino-epoxy reaction.[21] The concentrations of reagents were listed
in Table 3.

In another beaker, TEOS was hydrolyzed by adding DI water and 1 m
HCl to the TEOS solution, and the mixture was allowed to hydrolyze for
at least 1 h. Subsequently, hydrolyzed TEOS solutions were mixed into the
gelatin solution. The mixtures gelled after 10–20 min, with higher silica
concentration resulting in a shorter gelation time than the low silica con-
centration sample. Meanwhile, samples were shaped by hand or using a
15 mm diameter and 30 mm height Teflon mold and dried at room tem-
perature for further mechanical tests.

During the gelation process, antibiotic-loaded gelatin–silica hybrids
were prepared. Specifically, 10 wt% of Vancomycin hydrochloride and/or
Ceftazidime antibiotic powders were directly mixed into the mixture im-
mediately after the hydrolyzed TEOS solution was added to the gelatin
solution. These antibiotics were evenly added and mixed during the so-
lidification period. However, the gelation time decreased by ≈5–15 min
with the addition of more antibiotics, finally following the same shaping
method as mentioned above.

Characterization of the Scaffold: To identify the functional groups
and molecular interactions in the scaffold, the samples were cut into
1 mm × 1 mm, and attenuated total reflection-Fourier-transform infrared
spectroscopy (ATR-FTIR, Spotlight 200i Sp2 with AutoATR System, Perkin

Table 3. Precursor concentrations of gelatin–silica hybrid.

Composition
[Silica/Gelatin, wt%]

70S/30G 60S/40G 50S/50G

Gelatin 1.97 g 3.07 g 4.61 g

DI Water 6.1 mL 8.27 mL 11.34 mL

GPTMS 0.26 mL 0.26 mL 0.26 mL

TEOS 5.04 mL 5.04 mL 5.04 mL

1 M HCl 0.71 mL 0.71 mL 0.71 mL
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Elmer, USA) analysis was performed with a measuring range of 4000–
500 cm−1. Similarly, 1H nuclear magnetic resonance (NMR, 400 MHz
Spectrometer, JEOL, Japan) was also conducted to detect changes in the
chemical structure. Samples were dissolved in CDCl3 to achieve a final
concentration of 10 mg mL−1 for NMR analysis. Gelatin–silica hybrid sam-
ples were collected after mixing hydrolyzed TEOS into gelatin solution. It
takes ≈10–20 min for the mixture to solidify, so the samples were dissolved
in CDCl3 while in a semi-gelled state. To analyze the individual weight per-
centage of organic and inorganic compounds, thermogravimetric analysis
(TGA, STA7300, HITACHI, Japan) was performed. The surface morphol-
ogy and microstructure of the scaffold were investigated by scanning elec-
tron microscopy (SEM), and their elemental composition was analyzed
by energy-dispersive X-ray spectroscopy (EDX, S-3000H, Hitachi, Japan)
after sputtering the samples with Au. The mechanical properties of the
scaffold were tested using a universal testing machine (UTM, Junyan Pre-
cision Machinery Co., Ltd., Taiwan). For the compression test, stainless
steel platforms were used to place cylindrical-shaped samples measur-
ing 15 mm × 30 mm, and they were loaded with a compression rate of
0.5 mm−1 sec.

Swelling and Degradation Tests: For the swelling tests, the samples
were cut into sheets with dimensions of 10 mm× 10 mm× 1 mm, and their
dry weight was measured (W0). Subsequently, the scaffolds were soaked
in 20 mL of phosphate-buffered saline (PBS, pH 7.0) at 37 °C. At various
time points, the samples were removed, and their weights (W) were mea-
sured. The swelling ratio (SR) was calculated using Equation (1).

SR =
W − W0

W0
(1)

For degradation tests, the samples were cut into sheets with dimen-
sions of 10 mm × 10 mm × 1 mm and freeze-dried. The initial dry weight
(W0) of the samples was measured. The samples were then incubated in
PBS (pH 7.0), PBS with 0.5 mg mL−1 lysozyme, and PBS without lysozyme
at 37 °C for 17 weeks and 9 weeks, respectively. At different time points, the
samples were removed and lyophilized to measure the remaining weight
(Ww). The degradation rate of the samples was calculated using Equa-
tion (2).

Weight loss (%) =
W0 − WW

W0
X 100% (2)

Drug Release: The standard drug release concentrations were calibr-
ated using a UV–vis Spectrophotometer (UV–vis, SP-8001, Yoyu/Taiwan).
Vancomycin and Ceftazidime were dissolved in PBS (pH 7.0) at 37 °C, with
concentrations ranging from 1 mg mL−1 to 1 ng mL−1.

10 mg of gelatin–silica hybrid were soaked in 10 mL of PBS with and
without 0.5 mg mL−1 lysozyme at 37 °C for 17 weeks and 9 weeks. At
various time points, 5 mL of the solution was replaced with fresh PBS to
measure the drug release concentration.

Antibacterial Test: The antibacterial activity of the samples was evalu-
ated by a zone of inhibition test. For this test, S. aureus and E. coli strains
were used. A 1 mL suspension of 1 × 106 CFU mL−1 bacteria was spread
onto a 150 mm diameter agar plate. A 6 mm diameter antibiotic paper
tablet containing 25 μL of the drug-released test solution, or PBS as a
control, was placed on the plate and incubated at 37 °C for 24 h. The an-
tibacterial effect was assessed by observing the size of the antibacterial
zone on the agar plate.

Cell Viability Test: The cells used in this study were mouse fibroblasts
(L929), human osteosarcoma cells (MG63), and rat bone marrow mes-
enchymal stem cells (rBMSCs). Cells were cultured with DMEM supple-
mented with 10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin,
and incubated at 37 °C with 5% CO2. Cytotoxicity of L929 and rBMSCs
on gelatin–silica hybrid samples were evaluated using the cell counting kit
(CCK-8) technique.

In brief, different concentrations of gelatin–silica hybrid samples (0.5,
1, 2.5, and 5 mg mL−1) were incubated in DMEM at 37 °C for 24 h. After
that, the scaffold was filtered, taken out, and seeded with 1 × 104 cells in a
96-well plate with as-prepared DMEM and incubated in a humidified incu-

bator at 37 °C with 5% CO2 for 1 day. After 1 day, CCK-8 reagent was added
to each well and incubated for 1 h. Finally, absorbance was measured at a
wavelength of 450 nm. Cell viability (%) was calculated using Equation (3).

Cell viability (%)

=
(Absorbance of experiemental group − Absorbance of blank)

(Absorbance of control − Absorbance of blank)
× 100% (3)

Alkaline Phosphatase Activity: To investigate the osteogenic property
of the gelatin–silica hybrid scaffolds, alkaline phosphatase (ALP) activity
was measured. Initially, 1 × 104 cells were seeded in a 24-well plate and in-
cubated at 37 °C with 5% CO2. To prepare the osteogenic culture medium,
10 mm 𝛽-glycerophosphate, 0.2 mm ascorbic acid, and 0.1 mm dexametha-
sone were added to DMEM, which contains a 5 mg mL−1 gelatin–silica
hybrid scaffold. After 24 h, the original culture medium was removed from
the 24-well plate, washed with PBS, and 500 μL of osteogenic medium
was added to each well, followed by incubation at 37 °C in a CO2 in-
cubator for 1, 3, 7, 10, and 14 days. The culture medium was changed
every 3 days during this time. At each specific time point, the medium
was removed from each well, washed with PBS, and 500 μL of 0.2% Tri-
ton X-100 was added, with the plates kept at room temperature for 20
min. Then, a reagent solution containing Assay buffer (200 μL), Mag-
nesium acetate (0.2 m, 5 μL), and pNpp liquid (1 m, 2 μL) was added
to the well. Finally, the absorbance values at 0 and 4 min at a wave-
length of 405 nm were measured. The ALP activity was calculated using
Equation (4).

ALP activity =
(ODT − ODTo) × 1000 × Vfinal

𝜀PNP × L × Vsample × T
(4)

where the OD was optical density, T was reaction time, T0 was time 0,
Vfinal was final reaction volume, 𝜖PNP represents the molar absorptivity of
p-nitrophenol (18.75 mm−1 × cm−1), L represents the optical path length
in mm, and Vsample was the sample volume.

Cell Migration Assay: For the cell migration assay, the gelatin–silica hy-
brid scaffolds were placed in serum-free or less than 2% DMEM to achieve
a final concentration of 0.5 mg mL−1 and incubated at 37 °C for 24 h. In
6-well plates, three horizontal lines were drawn with a spacing of 0.5–1 cm.
Each well was seeded with 5× 105 cells and the cells were dispersed evenly.
Using a 1000 μL tip, a scratch was made vertically in the well plate, along
with a vertical cut following the marked line when the cell density reached
90%. The culture medium was removed, the wells were washed with PBS,
and culture medium with gelatin–silica hybrid samples at a concentration
of 0.5 mg mL−1 was added. The plate was then placed at 37 °C in a 5%
CO2 incubator. At 0, 3, 6, 12, and 24 h, pictures were taken using an optical
microscope to observe the cell migration speed. Using Image J software,
the migration area was calculated.

Hemolysis Assay: The hemolysis test was performed following the
ASTM F756 (2000) standard. In brief, mix hemoglobin standard with
Drabkin’s reagent (Sigma–Aldrich, USA) to obtain a concentration of
1000 μg mL−1. Dilute the mixture to concentrations of 800, 600, 400,
200, 100, and 50 μg mL−1. Take 1 mL from each dilution and mea-
sure the absorbance at a wavelength of 540 nm using a UV spec-
trophotometer. Calculate the standard curve based on these absorbance
values.

In this experiment, Sprague–Dawley (SD) rat blood was used. After
diluting the blood and comparing it with the standard curve, hemoly-
sis experiments were conducted with a PBS concentration adjusted to
25 mg mL−1. After pre-swelling a 1 cm2 hybrid in PBS for 1 h, place it
in a 15 mL centrifuge tube and add 5 mL of the adjusted blood sample.
Mix and incubate in a 37 °C incubator for 4 h. Take 1 mL for centrifugation,
and after centrifugation, measure the absorbance to calculate the concen-
tration.
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The hemolysis ratio and index were calculated using Equations (5) and
(6).

Hemolysis Ratio (%) =
ODsample − ODneg.

ODpos. − ODneg.
× 100% (5)

Hemolysis Index (H.I, %) =
ODsample

ODpos.
× 100% (6)

Finally, the OD values obtained from the treated samples (ODsample)
were normalized relative to the positive control (100% lysis; ODpos) and
negative control (untreated; ODneg) samples.[47]

Animal Test: This in vivo experiment was conducted at Chang Gung
Memorial Hospital, Linkou, Taiwan (IACUC2023030305), using 6-week-
old Sprague Dawley (SD) rats. The rats were divided into two groups:
the control group containing gelatin–silica hybrid (60S/40G) and the ex-
perimental group comprising 60S/40G containing 10 wt% Ceftazidime
(60S/40G-C) and 60S/40G containing 10 wt% Vancomycin hydrochloride
(60S/40G-V). In summary, Zoletil 50 and Rompun 20 were mixed in a
1:2 ratio to prepare an anesthetic solution, administered at 0.1 mL of
anesthetic solution per 100 g of rat weight through intraperitoneal in-
jection. A 5 mm skull defect was created using a microdrill. Samples
were prepared and shaped as 5 mm in diameter and 2 mm in height,
fitting into the skull defect. Absorbable sutures were used to close the
wound. Skull repair progress was observed on days 1, 3, 9, and 13 weeks
after surgery, and computer tomography (CT) was used to monitor the
skull repair area. Finally, euthanasia was performed using CO2, and the
skull defect was taken and fixed in formalin. H&E and Masson stain-
ing procedures were conducted by Toson Technology Co. Ltd. in Tai-
wan. Subsequently, scanning images were utilized to analyze the stained
samples.

Biochemical tests, assessing renal function through blood urea nitro-
gen (BUN) and creatinine (CRE), as well as liver function through glu-
tamic oxaloacetic transaminase (GOT) and glutamic pyruvic transam-
inase (GPT), were conducted to evaluate the impact of the test ma-
terials on visceral function. Subsequently, animals were euthanized
using carbon dioxide, and tissue sections were obtained for stain-
ing, including Hematoxylin and Eosin (H&E) and Masson’s trichrome
staining.

Statical Analysis: The collected results data in this study were sub-
jected to statistical analysis using Origin software. Group differences in
numerical values were compared using the Tukey test. All experiments fol-
lowed a completely random design. When the data exhibited significant
differences, it was denoted as *p < 0.05, highly significant differences as
**p < 0.01, and very highly significant differences as ***p < 0.001. When
the differences between two sets of data were not significant, it was indi-
cated as p > 0.05.
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