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ABSTRACT: This study investigates the utilization of poly(vinyl
alcohol) (PVA)/gelatin hydrogel films cross-linked with glutaralde-
hyde as a novel material to coat the surface of vancomycin-loaded
titania nanotubes (TNTs), with a focus on enhancing biocompatibility
and achieving controlled vancomycin release. Hydrogel films have
emerged as promising candidates in tissue engineering and drug-
delivery systems due to their versatile properties. The development of
these hydrogel films involved varying the proportions of PVA, gelatin,
and glutaraldehyde to achieve the desired properties, including the gel e
fraction, swelling behavior, biocompatibility, and biodegradation. ’ bl
Among the formulations tested, the hydrogel with a PVA-to-gelatin

ratio of 25:75 and 0.2% glutaraldehyde was selected to coat

vancomycin-loaded TNTs. The coated TNTs demonstrated slower

release of vancomycin compared with the uncoated TNTs. In addition, the coated TNTs demonstrated the ability to promote
osteogenesis, as evidenced by increased alkaline phosphatase activity and calcium accumulation. The vancomycin-loaded TNTSs
coated with hydrogel film demonstrated effectiveness against both E. coli and S. aureus. These findings highlight the potential benefits
and therapeutic applications of using hydrogel films to coat implant materials, offering efficient drug delivery and controlled release.
This study contributes valuable insights into the development of alternative materials for medical applications, thereby advancing the
field of biomaterials and drug delivery systems.
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1. INTRODUCTION

Bone implants are indispensable tools in the rehabilitation
process for individuals who have lost body structures due to
injury, disease, or congenital abnormalities. These implants

nents in the development of implants aimed at restoring lost or
damaged body structures. Despite these advantages, titanium
implants are not without limitations, with the risk of infection
being a significant concern due to titanium’s lack of inherent

serve as substitutes for damaged or missing bones, offering
both structural support and functional restoration. The
restoration of skeletal integrity is crucial to improve mobility,
function, and quality of life." Among the materials explored for
medical implant applications, metallic materials such as
titanjum have emerged as effective biomaterials for bone
regeneration and repair.z_4

Titanium has emerged as a medical implant material due to
its exceptional properties.” Its unique combination of strength,
lightness, and biocompatibility allow it to be utilized in a wide
range of medical implants, ranging from orthopedic surgery to
dental prosthetics and cardiovascular devices.’ Titanium
integrates seamlessly with the human body’s tissues, promoting
osseointegration and ensuring long-term stability and function-
ality. Moreover, the adaptability of titanium allows for the
fabrication of customized implants tailored to each patient’s
needs, further enhancing their efficacy and precision.” As a
result, titanium-based materials have become integral compo-
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antibacterial properties.” Bacteria can adhere to the surface of
titanium implants and form biofilms, resulting in infectious
issues.” Therefore, researchers are actively exploring strategies
such as surface modifications and coatings to enhance the
antibacterial properties of titanium implants and to alleviate
the risk of infection.

One innovative approach involves the use of vancomycin-
loaded titania nanotubes (TNTs) coated with hydrogel films.
Hydrogels, which can be derived from natural, synthetic, or
hybrid polymers, offer a versatile platform for biomedical
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applications.” Among these, poly(vinyl alcohol) (PVA)/gelatin
hydrogel films represent a promising biomaterial that combine
the beneficial properties of both synthetic and natural
polymers.'”'! PVA/gelatin hydrogels have shown great
potential in tissue engineering applications, enhancing cell
proliferation and differentiation while exhibiting excellent
biocompatibility, high water content, and swellability, and
the ability to mimic the natural extracellular matrix and to
provide a conducive environment for cellular activities and
tissue regeneration.'””"* Vancomycin can potently reduce the
risk of biofilm formation and implant-associated infections."*'®
The incorporation of vancomycin in bone implant materials
represents a promising advancement in the field of orthopedic
implantology, offering a potential solution to the persistent
challenge of implant-related infections.

In this study, PVA/gelatin hydrogel films were developed to
achieve an optimum formulation to coat the surface of TNTs.
This study is pioneering in utilizing a PVA/gelatin hydrogel to
coat vancomycin-loaded TNTs. The fabrication process
involved the synthesis and characterization of hydrogel films,
including assessments of the gel fraction, swelling behavior,
chemical composition, and biological properties. Subsequently,
the hydrogel films were applied to the surface of TNTs via a
simple coating process. Extensive investigations were con-
ducted to comprehensively evaluate vancomycin release and
their potential utility in treating TNTs. The application of
these hydrogel films as coatings on vancomycin-loaded TNTSs
presents a versatile and effective solution for enhancing the
biocompatibility, antibacterial properties, and clinical perform-
ance of titanium implants in orthopedic surgery and various
other biomedical applications.

2. MATERIALS AND METHODS

2.1. Preparation of Hydrogel Films. The films were
produced by dissolving gelatin (G) (gelatin type A, molecular
weight [MW] 15,000—400,000, gel strength [Bloom] 300) in
deionized (DI) water (10 wt % gelatin) at 40 °C for 1 h. At the
same time, PVA low viscosity (PL) (Merck, Germany, MW
31,000) and PVA high viscosity (PH) (Merck, Germany, MW
205,000) solutions were prepared in DI water (10 wt % PVA)
with various ratios at 80 °C and with constant stirring. Then,
the PVA and gelatin solutions were mixed at 40 °C for 5 min.
After that, glutaraldehyde (GTA) (Ajax Finechem, Australia)
was added, and the solution was incubated at 40 °C for 5 min
under constant stirring to obtain the PVA/gelatin cross-linked
with glutaraldehyde. The solution was poured into a
polystyrene plate and incubated at 4 °C for 20 h. The PVA-
gelatin films were washed to remove excess glutaraldehyde by
soaking in 0.1 mol/L glycine solution for 15 min and then
rinsed four times with DI water. Finally, the resulting film-
forming solutions were dried at 30 °C for 24—28 h in an air
circulatory oven to obtain transparent and flexible films. Table
S summarizes the combinations and concentrations of the
chemicals used to produce gelatin/PVA hydrogel films.

2.2. Gel Fraction. The gel fraction was evaluated on
hydrogel film samples with a diameter of 1 cm. The samples
were dried for 24 h at S0 °C in an oven (BE 400, Memmert,
Germany) and then soaked in DI water at 37 °C for 72 h. The
samples were removed from the water and dried again for 24 h
at 50 °C in an oven. The gel fraction percentage was calculated
as follows:

W,
% Gelfraction = — X 100
Wo

where W, is the weight of the hydrogel film sample dried at 50
°C after soaking in DI water, and WO is the initial weight of the
hydrogel film sample dried for 24 h at 50 °C.

2.3. Swelling Behavior. The films were weighed and
immersed in phosphate-buffered saline (PBS, pH 7.4) at 37 °C
for 24 h. Subsequently, the swollen product was carefully
removed with the aid of a piece of tissue paper, and the mass
was measured again. The equilibrium percentage of swelling of
the product was calculated as follows:

W = Wy

X 100

% Swelling =
d

where W, is the weight of the product after hydration for 24 h,
and Wy is the mass of the hydrogel film at the beginning of the
experiment.

2.4. Fourier-Transform Infrared (FTIR) Spectroscopy.
FTIR spectra were recorded by using a Spectrum One
spectrometer (PerkinElmer, USA). The spectra were recorded
between 4000 and 400 cm™' with a spectral resolution of 4
cm™. The data were analyzed with the FTIR Spectrum
Software (PerkinElmer). Measurements were performed at
room temperature.

2.5. Scanning Electron Microscopy (SEM). The surface
morphology and thickness of the hydrogel films were evaluated
by using SEM (SEM-JSM-ITSOOHR, JEOL, Japan). The
thickness measurements were analyzed by using the Image]
software (National Institutes of Health, USA).

2.6. In Vitro Degradation. The degradation behavior of
the hydrogel films was investigated by immersing the hydrogel
film samples (1 X 1 cm?) into PBS (pH 7.4, 37 °C) with
lysozyme (1.6 ug/mL) for 2 weeks. The medium was replaced
at 1, 3, 7, 10, and 14 days after sampling with fresh medium.
The samples were removed from the degradation medium,
washed with distilled water, and excess water on the surface
was removed with a piece of filter paper. The samples were
transferred to an oven and dried at 60 °C for 24 h to determine
the weight loss. The percentage of weight remaining was
calculated as follows:

w,
% Weight remaining = Wt X 100
0

where W, is the weight of the hydrogel film sample dried at 60
°C after soaking in degradation medium at different time
intervals and W is the initial weight of the hydrogel film
sample.

2.7. Drug Release Study. To assess the in vitro release of
vancomycin, uncoated TNTs and TNTs coated with hydrogel
films incorporating vancomycin (5 X S mm) were suspended
in 1 mL of PBS (pH 7.4) and maintained at 37 °C. At
predetermined time intervals, S00-uL aliquots were withdrawn
and immediately replaced with an equal volume of fresh PBS
to ensure a constant volume throughout the experiment. The
vancomycin concentration in the collected fractions (taken at
different time points) was determined by using a spectrometric
microplate reader. The amount of vancomycin released was
determined by comparison with a vancomycin standard curve.

2.8. Determination of Glutaraldehyde Release. The
release of free glutaraldehyde from the hydrogel films into
solution was determined by using the MBTH method,'” with
modifications. Briefly, 10 mg of hydrogel film was added to 1
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mL of PBS containing the enzyme elastase (1 yg/mL) (Wako,
Japan) for 24 h until the film was completely dissolved to
measure the amount of glutaraldehyde. The extracted solution
was mixed with MBTH and FeCl; solutions. The mixed
solution was incubated at 25 °C for 15 min, and then the
absorbance at 610 nm was measured by using a spectrometric
microplate reader. The amount of glutaraldehyde was
determined from a standard curve.

2.9. Cell Culture. L929 mouse fibroblasts were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum and 1% gentamycin (Gibco,
USA). The cells were maintained in an atmosphere of 5% CO,
at 37 °C.

2.10. Cytotoxicity Evaluation. Each hydrogel film sample
(10 mg/mL) was incubated in serum-free medium for 24 h.
The extract, containing the products that leached out of the
film, was filtered through a 0.22-um filter and used to assess
cell viability with the MTT assay. Briefly, 1 X 10* 1929 cells
were seeded in a 96-well plate at 37 °C in a humidified
atmosphere containing 5% CO, for 24 h. These cells were
exposed to varying concentrations of hydrogel extracts for 24
h. The MTT assay was performed as per the standard protocol.
The absorbance was measured by using a spectrometric
microplate reader. Morphological images were examined with
an inverted microscope (Nikon TS2, Japan).

2.11. Osteoblast Assays. 2.11.1. Osteoblast Viability.
The viability and growth of osteoblasts were assessed by using
the Cell Counting Kit 8 (WST-8/CCK8) (ab228554, Abcam).
MC3T3-EL1 cells were seeded at a density of 8 X 10* cells/well
in 6-well plates. The cells were exposed to TNTSs, uncoated or
coated with hydrogel film, for 24 and 48 h to evaluate toxicity.
To observe cell growth on TNTs, MC3T3-El cells were
seeded on the TNT surface. Subsequently, MC3T3-E1 cells on
TNTs, uncoated or coated with hydrogel film, were cultured
for 1, 3, and/or 7 days. Afterward, a mixture of 3% CCKS8
solution and culture medium was added to each well, followed
by incubation for 3 h. Then, the absorbance at 460 nm was
measured with a spectrophotometric microplate reader.

2.11.2. Alkaline Phosphatase (ALP) Activity. MC3T3-E1
cells were cultured on TNTSs, uncoated or coated with
hydrogel film, for 14 days in osteogenic differentiation medium
(a-MEM supplemented with 10 mM p-glycerophosphate
sodium, 0.05 mM L-ascorbic acid, and 100 mM dexametha-
sone). Subsequently, the cells were lysed using sodium dodecyl
sulfate (SDS) lysis buffer. The ALP activity in the lysate was
measured by using p-nitrophenyl phosphate at 405 nm with a
spectrophotometric microplate reader.

2.11.3. Intracellular Calcium Content Assay. After
culturing for 3, 7, and 14 days with osteogenic differentiation
medium, the calcium content (a late osteogenic marker) was
measured in the cell lysate. The 100 uL of cell lysates were
mixed with an equal volume of 1 M hydrochloric acid (HCI)
and incubated at 37 °C for 4 h. Subsequently, 10 L of sample
was mixed with 1 mL of 0.88 M ethanolamine buffer (pH 11)
and 100 uL of O-cresolphythalein complex substrate (OCPC).
The absorbance at 570 nm was measured with a spectrometric
microplate reader.

2.12. Antibacterial Assay. The assay was modified from a
previous study.'® Briefly, the antibacterial ability was evaluated
using Escherichia coli (E. coli) and Staphylococcus aureus (8.
aureus) cultivated in a trypticase soy broth (TSB) at 37 °C for
12 h. The bacterial cultures were adjusted to a concentration of
10° CFU/mL. Subsequently, TNTs, either uncoated or coated

with hydrogel films, were incubated in 1 mL of the bacterial
suspension in TSB at 37 °C for 24 h. At the end of the
incubation period, the concentration of bacteria in the culture
medium was measured using optical density measurement at
625 nm with a spectrometric microplate reader.

2.13. Statistical Analysis. The data are expressed as the
mean + the standard deviation (SD) of at least three
independent experiments. Statistical analyses were performed
using GraphPad Prism (GraphPad Software, USA). Significant
differences among the multiple groups were determined by
using one-way analysis of variance ANOVA. A p value <0.05
was considered to be statistically significant.

3. RESULTS

3.1. Physical Properties of the Hydrogel Films. The
PVA/gelatin hydrogel films synthesized with different ratios of
PVA and gelatin, along with different concentrations of the
glutaraldehyde cross-linker, showed distinct trends in the gel
fraction. With a PL/G ratio of 50:50 and 0.1% glutaraldehyde
cross-linker, the gel fraction was 68%. The gel fraction
increased with a PL/G ratio of 25:7S and 0.2% glutaraldehyde
cross-linker. Utilizing a PH/G ratio of 25:75 ratio and 0.2%
glutaraldehyde cross-linker resulted in a larger gel fraction.
Figure 1A show the gel fractions of each hydrogel film.

(a)
150 exnx . 50/50
- [[]2s75
=
£ 100 = ™
s T B
5 I
£
< 50
o
0- T T T T
01%GTA  02%GTA 01%GTA  02% GTA
| — | —
PLIG PHIG
(b)
2500 U E
s — [Josirs
2000
£ 1500
(=
£
] -
2 1000
(7]
N I ' ﬂ
U T T T T
0.1% GTA 0.2% GTA 0.1% GTA 0.2% GTA
| S
PLIG PHIG

Figure 1. Physical properties of the PVA/gelatin hydrogel films: (a)
Gel fraction; (b) Swelling. Data are presented as the mean + SD (n =
3). ®*p < 0.01, ***p < 0,001, ****p < 0.0001.

The swelling behavior of the hydrogel films is shown in
Figure 1B. The hydrogel films with a PVA/gelatin ratio of
25:75 exhibited a higher swelling percentage compared with
those with a ratio of 50:50, regardless of the glutaraldehyde
cross-linker concentration. Notably, when using 0.1% gluta-
raldehyde cross-linker, the films with a PL/G or PH/G ratio of
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25:75 demonstrated the highest swelling percentages, surpass-
ing suitable levels for optimal gelatin film formation. However,
when using 0.2% glutaraldehyde cross-linker, the films with a
PL/G or PH/G ratio of 25:75 exhibited optimal swelling
behavior for gelatin film formation. Interestingly, when using
0.2% glutaraldehyde cross-linker, the swelling behavior was not
significantly different between the PVA/gelatin ratios of 25:75
and 50:50 (for both PL/G and PH/G films). Based on the
findings, the PL/G and PH/G films with 0.2% glutaraldehyde
cross-linker were selected for further investigation.

3.2. FTIR Analysis of the PVA/Gelatin Hydrogel Films.
The FTIR spectra of the PVA/gelatin and glutaraldehyde
cross-linker hydrogel films are shown in Figure 2. The PL/G

Amide

OH CH il - co
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T M T » T T " T i T

. —
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Figure 2. FTIR spectra of PVA, Gelatin and each formulation of
PVA/gelatin hydrogel films.

25:75, PL/G 50:50, PH/G 25:75, and PH/G 50:50 hydrogel
film FTIR spectra revealed absorption regions corresponding
to the constituents of the hydrogel films. Specifically,
absorption peaks indicative of gelatin were observed at
approximately 1626.7, 1627.5, 1630.0, and 1627.8 cm™' for
amide I; at 1526.1, 1525.3, 1535.7, and 1525.5 cm™" for amide
IL; and at 1237.0, 1238.0, 1238.5, and 1238.0 cm™ for amide
III, respectively. Additionally, PVA exhibited broad peaks at
3273.5, 32732, 3273.3, and 3272.8 cm}, indicating O—H
stretching, as well as peaks at 2942.4, 2942.8, 2930.6, and
2935.1 cm™! for C—H vibrations, and 1080.5, 1081.0, 1081.4,
and 1081.4 cm ™" for C—O bond vibrations. Interestingly, there
were slight changes in the absorption regions of gelatin and
PVA in each hydrogel film formulation, attributed to the
presence of the glutaraldehyde cross-linker.

3.3. Cytotoxicity Evaluation of the PVA/Gelatin
Hydrogel Films. The PL/G and PH/G hydrogel films at
ratios of 50:50 and 25:75 was evaluated for their cytotoxic
effects. The PL/G 50:50 and PH/G 50:50 hydrogel films
exerted toxicity. Specifically, the PL/G 50:50 hydrogel film led
to significantly lower cell viability at the 100% and 50%
concentrations compared with the control group. Similarly, the

PH/G 50:50 hydrogel film showed a decrease in cell viability at
the 100% concentration. However, neither the PL/G 25:75 nor
PH/G 25:75 hydrogel film exerted toxicity after 24 h of
exposure (Figure 3).

3.4. In Vitro Biodegradation. The in vitro biodegradation
test conducted on the PL/G 25:7S and PH/G 25:75 hydrogel
films in PBS (pH 7.4) with lysozyme at 37 °C for 14 days
presented significant results regarding the percentage change in
the remaining weight (Figure 4). Initially, the PL/G hydrogel
films exhibited a lower remaining weight than the PH/G
hydrogel films after 24 h. On day 7, the PL/G and PH/G
hydrogel films exhibited a decrease in the remaining weight.
Subsequently, the degradation rate of the PL/G hydrogel films
accelerated, surpassing that of the PH/G hydrogel films by day
14. These results indicate that the PH/G hydrogel films were
more stable than the PL/G hydrogel films in the presence of
enzymes.

3.5. Structural Characterization of Vancomycin-
Loaded TNTs Coated with Hydrogel Film. The scanning
electron micrographs in Figure S provide insights into the
surface morphology of the uncoated TNTs and TNTS coated
with hydrogel film. In the top-view scanning electron
micrographs, the uncoated TNTs displayed a well-defined
nanotubular surface with open tops and uniform diameters and
structure. The TNTs had a pore diameter of <1 pm. In
contrast, the TNTs coated with hydrogel film exhibited a
distinct transformation in the surface characteristics. While the
uncoated TNTs had a very rough and porous surface, the
TNTs coated with hydrogel film had a smooth, nonporous
surface. This transformation suggests successful coating of the
TNT surface with PVA/gelatin hydrogel film. Furthermore,
there were significant differences in the thickness of the PL/G
and PH/G hydrogel films: The PH/G films were thicker than
the PL/G films (Table 1). The use of high-viscosity PVA led to
significant differences in the film volume compared with low-
viscosity PVA, resulting in an increase in the average thickness
of the hydrogel film.

3.6. In Vitro Drug Release from Vancomycin-Loaded
TNTs Coated with Hydrogel Film. Figure 6 presents the
release of vancomycin from vancomycin-loaded uncoated
TNTs and TNTs coated with hydrogel film. Initially, uncoated
TNTs exhibited a significant release of vancomycin within the
first hour. In contrast, the cumulative release of vancomycin
from TNTs coated with PL/G or PH/G hydrogel film was
notably lower than that of uncoated TNTs and exhibited a
gradual increase over time. Subsequently, the cumulative
release of vancomycin stabilized at 48 h. Notably, the
vancomycin release rate was uncoated vancomycin-loaded
TNTs > vancomycin-loaded TNTs coated with PH/G
hydrogel film > vancomycin-loaded TNTs coated with PL/G
hydrogel films. These findings show that coating the surface of
vancomycin-loaded TNTs with hydrogel film can effectively
delay the release of vancomycin.

3.7. Analysis of Glutaraldehyde Residues of Vanco-
mycin-Loaded TNTs Coated with Hydrogel Film. The
glutaraldehyde residues in PH/G and PL/G films cross-linked
using glutaraldehyde aimed to examine the potential toxicity
associated with residual cross-linker. As shown in Table 2, the
glutaraldehyde content was 0.40 + 0.17 pug/mg for the PL/G
hydrogel film and 0.28 + 0.08 ug/mg for the PH/G hydrogel
film. The amount of glutaraldehyde per piece of TNT coated
with the PL/G hydrogel film ranged from 44.87 to 67.82 X
1073, while the amount of glutaraldehyde per piece of TNT
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Figure 3. In vitro cytotoxicity and cell morphology observation of the extract media hydrogels toward L1929 cells. MTT assay determined
cytotoxicity profile of (a) PL/G 50/50, (b) PL/G 25/75, (c) PH/G 50/50, and (d) PH/G 25/75, and (e) cell morphology. Data are presented as

the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***¥p < 0.0001.

coated with the PH/G hydrogel film ranged from 7.26 to 12.06
X 1073 pg/mg.

3.8. Cellular Behavior of Vancomycin-Loaded TNTs
Coated with Hydrogel Film. Exposure of MC3T3-E1 cells
to uncoated TNTs or TNTs coated with the PH/G hydrogel
film for 24 and 48 h did not lead to cytotoxicity (Figure 7).
Conversely, there was a noticeable decrease in the viability of
cells treated with the TNTs coated with the PL/G hydrogel
film after 48 h. Subsequently, the growth of MC3T3-E1 bone
cells was evaluated on the surface of vancomycin-loaded
TNTs, uncoated or coated with PVA/gelatin hydrogel film,
over a 7-day period. Remarkably, TNTs coated with the PH/G
hydrogel film enhanced cell growth compared with uncoated

TNTs and TNTs coated with the PL/G hydrogel film (Figure
7B). Additionally, scanning electron micrographs showed
adhered bone cells on the surface of vancomycin-loaded
TNTs (Figure 7C), further confirming the biocompatibility
and potential utility of hydrogel-coated TNTs in bone tissue
engineering applications.

3.9. Osteogenic Capacity of Vancomycin-Loaded
TNTs Coated with PVA/Gelatin Hydrogel Film. Assess-
ment of the differentiation-inducing potential of TNTs coated
with hydrogel film under osteogenic induction conditions
involved measuring ALP activity and the calcium content.
Osteoblasts grown on vancomycin-loaded TNTs coated with
PVA/gelatin hydrogel film exhibited increased ALP activity
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_ W PHIG 2575 Coated on the Vancomycin-Loaded TNTs
z
E Type of hydrogel ~ Amount of hydrogel films Thickness of hydrogel
S 100 ok films (mg/cm?) films (um)
£
2 PL/G (25:75) 0.87 + 0.41 27.89 + 5.56*
;, PH/G (25:75) 1.38 + 0.74 49.46 + 10.64*
:E 50 “Data are presented as the mean = SD (n = 3). Values are
5 significantly different compared between the PL/G and PH/G. *p <
® 0.05.
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Figure 4. Remaining weight percentage of hydrogel films in
phosphate buffer solution containing lysozyme enzyme at 37 °C for
14 days. Data are presented as the mean + SD (n = 4). **p < 0.01.

and calcium accumulation at both 7 and 14 days compared
with osteoblasts grown on uncoated TNTs (Figure 8).
However, there were no significant differences in ALP activity
and calcium content between the uncoated TNTs, TNTs
coated with PH/G hydrogel film, and TNTs coated with PL/G
hydrogel film.

3.10. Antibacterial Properties of Vancomycin-Loaded
TNTs Coated with PVA/Gelatin Hydrogel Film. The
antibacterial properties of TNTs were evaluated to confirm the
efficacy of the material following surface modification with
hydrogel films. The concentrations of E. coli and S. aureus were
significantly reduced in the presence of vancomycin-loaded
TNTs coated with PVA/gelatin hydrogel films (Figure 9).
Additionally, no significant differences in bacterial inhibition
were observed between TNTs coated with PL/G and PH/G
hydrogel film. These findings demonstrate the enhanced
antibacterial properties of the hydrogel-coated vancomycin-
loaded TNTs.

4. DISCUSSION

PVA and gelatin hydrogels have emerged as versatile
biomaterials with significant potential across various bio-
medical applications. The combination of these two
components result in hydrogel matrices with distinctive
characteristics such as biocompatibility, adjustable mechanical

strength, and excellent water absorption capacity.'” Addition-
ally, they provide a biomimetic environment that supports cell
growth, proliferation, and tissue regeneration, making them
promising candidates for tissue engineering applications.'”"*
In this study, PVA/gelatin hydrogel films were synthesized
successfully and cross-linked by glutaraldehyde. The cross-
linking process between PVA and gelatin is essential in the
fabrication of hydrogels. The cross-linking agent on the
material enhances the mechanical strength and stability of
the hydrogel matrix, making it more resistant to degradation
and ensuring its structural integrity over time.”” Moreover,
cross-linking allows for the control of the hydrogel’s properties,
such as its swelling behavior and degradation rate.”'”*
Glutaraldehyde serves as a vital cross-linker in the fabrication
of PVA/gelatin hydrogel films, playing a pivotal role in
enhancing their mechanical strength, stability, and biocompat-
ibility.”"** Previous studies have shown that cross-linking
enhances the mechanical strength of hydrogels.”**° Adjusting
the specific proportions of PVA/gelatin and cross-linking
contribute advance biomaterials for biomedical applications.
The proportions of gelatin, PVA, and glutaraldehyde for
hydrogel films plays an important role in determining the
properties and performance of the resulting hydrogel. Different
PVA/gelatin ratios result in different chemical and physical
properties.””*® In the present study, higher concentrations of
gelatin relative to PVA promoted stronger gel formation and a
large gel fraction compared with lower concentrations of
gelatin relative to PVA (Figure 1A). Gelatin contains natural
peptide sequences that promote molecular interactions such as
hydrogen bonding and electrostatic interactions, leading to gel
formation. PVA was used to reinforce the shortcoming of
gelatin, which is low mechanical strengch.29 Increasing the

x 20,000

Figure 5. Representative SEM images for vancomycin-loaded TNTs surfaces of: (a) uncoated and (b) coated with PVA/gelatin hydrogel films.
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Figure 6. Cumulative percentage release of vancomycin from TNTs coated with hydrogel films. Data are presented as the mean + SD (n = 3).

Table 2. Amount of Glutaraldehyde Residue in the PL/G
and PH/G Hydrogel Films®

Type of  Amount of glutaraldehyde per ~Amount of glutaraldehyde per
hydrogel hydrogel films piece of TNTs
films (ug/mg film dry weight) (ug/kg body weight)
PL/G 0.40 £ 0.17 44.87—67.82 x 107
25/75
PH/G 0.28 + 0.08 7.26—12.06 X 107
25/75

“Data are presented as the mean + SD (n = 3).

gelatin concentration provide more opportunities for these
interactions to occur, resulting in a denser and more
interconnected polymer network.”® Furthermore, the homo-

geneity of PVA/gelatin scaffolds is improved as the gelatin
concentration increases.”’ However, the hydrogel films made
of PL/G or PH/G 25:75 and 0.1% of glutaraldehyde showed
excessive swelling (Figure 1B), suggesting an imbalance in the
PVA/gelatin ratio and glutaraldehyde during hydrogel
preparation. The amount of glutaraldehyde influences the
mechanical performance of blended films.”' Increasing the
gelatin concentration increases the swelling ability.”” FTIR was
used to examine the chemical groups in the glutaraldehyde
cross-linked PVA/gelatin hydrogel films. The FTIR spectra
(Figure 2) showed the amide I peak (C = O stretching), the
amide II peak (N—H bending and C—H stretching), and the
amide III peak (C—N stretching plus N—H in phase bending),
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Figure 7. In vitro cytotoxicity of the vancomycin-loaded TNTs coated with PVA/gelatin hydrogel films toward MC3T3-E1 cells by CCK 8 assay.
(a) Cell viability, (b) cell growth measurement using CCK 8 assay and (c) representative SEM images of adhered MC3T3-E1 cells on surface of
vancomycin-loaded TNTs coated with PVA/gelatin hydrogel films. Data are presented as the mean = SD (n = 4). *p < 0.05, ****p < 0.0001.
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Figure 8. Osteogenic capacity of vancomycin-loaded TNTSs coated
with PVA/gelatin hydrogel films. (a) ALP activity and (b) calcium
content in different groups under osteogenic medium after culture for
3,7, and 14 days. Data are presented as the mean + SD (n =4). *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0,0001.

in accordance with previous studies.””** Moreover, there were
three peaks associated with the reaction between PVA and
glutaraldehyde, consistent with a previous study.’” There were
minor shifts in the peak positions in the PVA and gelatin
functional groups, which can be attributed to the cross-linking
of various bonds during hydrogel formation.

Assessing cytotoxicity provides essential insights into the
compatibility of hydrogel films with living cells, ensuring their
safety for in vivo use. The PL/G 25:75 and PH/G hydrogel

films were not cytotoxic, but the PL/G 50:50 and PH/G 50:50
hydrogel films did exert some toxicity (Figure 3). In a previous
study, hydrogels did not cause lysis of L-929 cells or exert
toxicity.” Many studies have examined the safety of gelatin
and PVA hydrogels in various cell types and have consistently
reported no toxicity.'***™*’ The integration of gelatin into
synthetic polymers introduces various kinds of ligands capable
of binding to receptors on the cell surface, thereby enhancing
adhesion. ”'?****%? The data support safe and biocompatible
PVA/gelatin formulation. These findings suggest that the
cytotoxicity of PVA/gelatin hydrogel films is influenced by
both the PVA/gelatin ratio and the concentration of the
hydrogel, with lower ratios and concentrations demonstrating
better biocompatibility with fibroblasts. Moreover, in vitro
degradation indicated that the remaining weight percentage
was higher for PH/G hydrogel films compared with PL/G
hydrogel films (Figure 4). This finding underscores the
differential degradation behavior of the PL/G and PH/G
hydrogel films and highlights the importance of polymer
composition in determining their biodegradation kinetics and
stability in enzymatic environments. A possible explanation
could be that high-viscosity PVA enhanced structural integrity
and reduced the susceptibility of PVA to degradation.
Consequently, the PH/G hydrogel films retained a greater
proportion of their initial weight over time compared with the
PL/G hydrogel films. A previous study showed that the
viscosity of PVA affects the homogeneity of the polymer.*’

A hydrogel film comprising PVA/gelatin cross-linked with
glutaraldehyde was developed successfully to coat the surface
of vancomycin-loaded TNTs, which were developed previously
by our colleagues, offer a promising platform for controlled
drug release.*’ In vitro, the vancomycin-loaded TNTSs coated
with PVA/gelatin hydrogel film presented controlled release of
vancomycin. The incorporation of hydrogel film, particularly
the PL/G hydrogel film, onto the surface of vancomycin-
loaded TNTs delayed the release of vancomycin compared
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Figure 9. Antibacterial activity of vancomycin-loaded TNTs coated with PVA/gelatin hydrogel films. Bacterial concentrations of E. coli and S.
aureus were measured in the medium after 24 h. Data are presented as the mean + SD (n = 3). *p < 0.05, ****p < 0.0001.
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with the uncoated TNTs and the TNTs coated with the PH/G
hydrogel film during the initial period. These findings suggest
that the composition or structure of a hydrogel film, possibly
influenced by factors such as polymer density or cross-linking
density, plays a crucial role in modulating the release kinetics
of vancomycin. Additionally, it is essential to analyze
glutaraldehyde residues from PVA/gelatin hydrogel gels
because residual cross-linker could potentially induce cytotoxic
effects.”>*’ It is important to note that unstable glutaraldehyde
polymers may be a contributing factor to toxicity concerns.**
However, previous studies have demonstrated the non-
cytotoxic nature of glutaraldehyde at certain concentra-
tions.**  Glutaraldehyde-cross-linked hydrogels using a
concentration of 0.2% glutaraldehyde have been shown to
exhibit biocompatibility in animal models.*’

It was crucial to evaluate the osteogenic capacity of
vancomycin-loaded TNTSs coated with PVA/gelatin hydrogel
film regarding their therapeutic potential in bone tissue
engineering applications. ALP activity and calcium content
are indicators used to evaluate the osteogenesis capacity of
biomaterials. ALP is an early marker of osteogenic differ-
entiation, reflecting the initial stages of bone formation.
Increased ALP activity indicates the presence of osteoblasts
and their commitment to bone tissue formation. On the other
hand, calcium content serves as a late-stage marker of
osteogenesis, representing the mineralization process charac-
teristic of mature bone tissue.” Therefore, measuring ALP
activity and calcium content provides insights into the
progression of osteogenic differentiation induced by bio-
materials. Although both TNTs+PH/G and TNTs+PL/G
showed increased ALP activity and calcium content compared
to TNTs alone, the differences were not statistically significant
(Figure 8). These findings suggest that the potential synergistic
effects of the hydrogel films coatings and the vancomycin-
loaded TNTs to induce osteoblast related genes such as ALP,
OCN, RUNX2, and collagen IA.* Moreover, TNTs regulate
osteogenic differentiation of mesenchymal stem cells (MSCs)
via crosstalk between MSCs and macrophages under oxidative
stress.”’ Previous research has also shown that the size of
TNTS affects bone formation capacity.™

The risk of infection following material implantation is a
significant concern in biomedical ap<plications, particularly in
orthopedic and dental surgeries.”””” Implant-associated
infections are highly relevant in terms of severity and the
risk of treatment failure. E. coli (Gram-negative bacteria) and S.
aureus (Gram-positive bacteria) are two common and clinically
significant bacterial species. Both are known for their ability to
form biofilms on surfaces, including medical implants,
complicating treatment and increasing infection risks.”' >
Vancomycin has been shown to be effective against a wide
range of bacteria, significantly reducing the risk of biofilm
formation.'>' %% Incorporating vancomycin into TNTs offers a
promising strategy to mitigate infection risks postimplantation.
The findings of this study indicate that the concentrations of E.
coli and S. aureus were significantly reduced in the presence of
vancomycin-loaded TNTs coated with hydrogel films
compared to uncoated TNTs (Figure 9). This suggests that
the hydrogel coating does not interfere the antibacterial
efficacy of vancomycin. Previous studies have explored various
strategies, such as coating implants with silver nano-
particles'®”” or other antibiotics.”® However, these approaches
often come with significant disadvantages, particularly related
to cytotoxicity.””*" The localized release of vancomycin from

37060

the TNTs when coated with biocompatible hydrogel films can
provide a sustained antibacterial effect directly at the implant
site, thereby preventing the initial adhesion and proliferation of
pathogenic bacteria. Further investigation into other biological
evaluations, particularly in vivo studies, are warranted to
comprehensively assess the biocompatibility and efficacy of the
coated vancomycin-loaded TNTs compared with the uncoated
material.

5. CONCLUSIONS

Overall, the integration of vancomycin-loaded TNTs coated
with hydrogel film represents a versatile and effective not only
enhance the antibacterial properties of vancomycin but also
benefits from the biocompatibility and controlled release
capabilities of hydrogel coatings, and clinical efficacy of
biomedical implants.
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