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Abstract

Background/Objectives: Orthopaedic infections associated with implant surgery remain
a major public health concern, often caused by bacterial colonization of implant surfaces.
Staphylococcus epidermidis is among the most common pathogens involved. Developing
antimicrobial bone implants that prevent infection without compromising bone regenera-
tion is therefore essential. This study investigates the antimicrobial and osteointegrative
performance of calcium phosphate (CaP) materials functionalized with vanillin, an essential
oil component with known antimicrobial properties. Methods: Commercial CaP regenera-
tive materials were covalently coated with vanillin. Antibacterial activity was evaluated
against Staphylococcus epidermidis RP62A using viability assays. In vivo osseointegration
was assessed in New Zealand female rabbits implanted with vanillin-coated and uncoated
CaP scaffolds. Results: Vanillin-functionalized CaP scaffolds exhibited strong bactericidal
activity at 24 h and bacteriostatic effects at 48 h at a concentration of 10 mg/mL. In vivo
analyses showed no significant differences in osseointegration between vanillin-coated
implants and control CaP materials. Conclusions: Vanillin-functionalized CaP materi-
als maintain a high safety profile without impairing bone integration, supporting their
potential use in clinical applications.

Keywords: calcium phosphate; essential oil components; implants; antibacterial; or-
thopaedic injuries

1. Introduction

Orthopaedic injuries and associated pathologies represent a major public health prob-
lem worldwide, as well as a serious global burden of disability and suffering. These
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orthopaedic conditions or injuries often require surgery and permanent, temporary or
biodegradable medical devices, including various natural or synthetic biomaterials that
can replace or repair various tissues. The choice of material for the medical device to be im-
planted plays a crucial role in the success of the orthopaedic procedure. The development
of calcium phosphate ceramics and other related biomaterials for bone grafting has resulted
in better control of the biomaterial resorption and bone replacement process. In particular,
bioceramics have been extensively studied, and many ceramic-based devices have been
marketed for their suitability as bone graft substitutes or prosthesis liners [1]. Developed
bioceramics mainly include glass-ceramics (bioactive glasses) and calcium phosphates (such
as calcium hydroxyapatite (HA), tricalcium phosphate, and biphasic calcium phosphate) [2].
Specifically, calcium phosphates (CaPs) are extensively used in orthopedics and dentistry,
particularly in the fabrication of prosthetic surface coatings and bone cements for the treat-
ment of bone defects. Their suitability as bone graft substitutes primarily arises from their
chemical and structural similarity to the mineral phase of natural bone, which is composed
of approximately 60% calcium phosphate [3,4]. Commercially available CaP formulations
exhibit excellent bioactivity, controlled biodegradability, and biocompatibility [5-7] and in
this work, we focused on using B-tricalcium phosphate materials (3-Caz(POj);) (vide infra).
Biocompatibility is one of the mandatory requirements for the clinical use of biomaterials
in orthopaedics [8]. In fact, biological rejection of an implant leads to an inflammatory
response mediated by immune cells and may require implant removal [9,10]. Furthermore,
CaP-based materials have proven to be highly bioactive, which means they can participate
in specific biological reactions that help bone regeneration [11].

From another point of view, in orthopaedic surgery bone infections associated with
the colonization of implant surfaces by pathogenic microorganisms remain a major clinical
concern [12]. Indeed, septic failure represents the second leading cause of prosthetic failure,
accounting for approximately 18.4% of reported cases [13]. Once adhered to the implant
surface, bacteria can proliferate and form biofilms, which confer increased resistance to
antibiotic treatments and significantly impair the post-operative healing process [14]. In
fact, biofilm formation plays a crucial role in the pathogenesis of orthopaedic implant-
associated infections [15]. The biofilm protects the bacteria from both the host immune
response and antibiotics, making treatment and eradication of this condition extremely
difficult, considering that the bacteria in biofilms are 100-1000 times less susceptible to
antibiotics with respect to planktonic bacteria [16]. In this scenario, Staphylococcus epi-
dermidis is one of the major pathogens associated with orthopaedic implant-associated
infections [17]. S. epidermidis is a ubiquitous member of the human skin microbiome and
lacks aggressive virulence properties [18]. However, S. epidermidis can be considered an
opportunistic pathogen and many infections are derived from the same strains that inhabit
the skin [19,20]. One of the key virulence factors contributing to Staphylococcus epidermidis
infections is its ability to form biofilms on the surfaces of a wide range of materials [20].
Biofilm development generally proceeds through three main stages: initial attachment,
maturation, and dispersion. During the initial stage, bacterial cells adhere to the biomaterial
surface or surrounding host tissue; this adhesion subsequently stabilizes, leading to the
formation of microcolonies and biofilm maturation. In the final stage, bacterial cells may
detach from the established biofilm and disseminate to other regions of the implant surface,
thereby promoting infection spread [16] and potentially leading to reinfection episodes [21].
In short, primary stability, promotion of rapid osseointegration and antimicrobial properties
of the implant are sought in cases of permanent implants applied to the bone. Based on
the above, there is a growing interest in developing new bioceramics with antimicrobial
properties against the development of bone infection processes [22,23]. Although the oral
administration of antibiotics can be a solution for infections, unfortunately, biofilm forma-
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tion on the materials’ surface requires high doses of drugs for infection eradication [24,25].
Consequently, the overuse of antimicrobials can lead to antibiotic resistance or kidney and
liver complications [26]. To this end, much research has been developed on the potential
use of natural compounds. The general focus has been on studying the versatile properties
of essential oil components (EOCs) as a possible alternative to synthetic antimicrobial
agents [27,28]. These compounds are naturally synthesized by plants and have been re-
ported to exhibit a broad spectrum of biological activities, including antimicrobial, antiviral,
antifungal, and antioxidant properties [29,30]. Many EOCs (vanillin, cinnamaldehyde,
thymol, eugenol, etc.) are widely used in the medical and food industries. However, due to
their high volatility, hydrophobicity and reactivity, EOCs quickly lose activity [31], which
makes their application in the therapeutic field difficult [32]. For this reason, drug delivery
devices and antibacterial surfaces have been extensively developed using EOCs to achieve
local action [33,34]. Several studies have been conducted to attach essential oils to specific
surfaces to enhance and/or prolong their antimicrobial effect [35,36].

Considering the aforementioned studies, in this work, we coat a commercial bone
regenerative material with an essential oil derivative to combine the bone regeneration
capability of the material with the antimicrobial action of EOC. Commercially available CaP
granules (Surgibone®) are used for this purpose, and vanillin is chosen as antimicrobial
EOCs. Vanillin was selected for its combination of high biocompatibility, lower cytotoxicity
compared with other essential oils (e.g., eugenol, carvacrol, thymol) https://doi.org/10.1
016/j.heliyon.2023.19280; https:/ /doi.org/10.1080/15376516.2021.1940408; https:/ /doi.
org/10.1016/j.£ct.2020.111858, and chemical suitability for covalent surface immobilization.
Its intrinsic aldehyde group enables direct attachment to amine-functionalized surfaces
via Schiff base formation, providing a simple and reproducible immobilization strategy.
Unlike other essential oils, which may require chemical modification (https://doi.org/10
.1016/j.foodchem.2017.04.118), or lose activity upon anchoring (https://doi.org/10.101
6/j.ijfoodmicro.2011.07.034), vanillin retains antimicrobial function after immobilization
because its phenolic hydroxyl group remains exposed. Furthermore, vanillin’s regulatory
status under REACH supports its safe use and potential for clinical or medical applications.

To immobilize the vanillin on the surface of the solids, the natural product is reacted
with 1,5-pentane diamine to obtain a derivative which is subsequently grafted onto the
outer surface of the CaP granules. The new material is evaluated against Staphylococcus
epidermidis RP62A, a Gram-positive bacterium involved in infections of implants [37,38].
Then in vivo assays are performed on New Zealand female rabbits. The animals underwent
surgery to place experimental and control materials in the median region of the distal
femoral condyle. Post-operatively, biocompatibility and osseointegration ability of the
experimental material are assessed.

2. Results and Discussion
2.1. Synthesis and Characterization of the Functionalized CaP Material

This study focuses on modifying commercial CaP granules with a vanillin-derived
compound (3) (Scheme 1a), aiming to integrate the osteoconductive characteristics of
calcium phosphates [39] with the antimicrobial potential of vanillin-based essential oils.
Vanillin was selected as the essential oil component due to its well-established antibacterial
properties. In the first step, vanillin was reacted with 1,5-pentanediamine to obtain the
corresponding Schiff base (compound 2) that was further reduced by a chemical hydro-
genation reaction using H, and palladium (Pd/C) as a catalyst. This allows the vanillin
derivative (3) to be obtained and fully characterized (see Supplementary Information). In a
second step, CaP was functionalized with the vanillin derivative (3) by phosphoramide
formation using EDC as coupling agent to obtain the solid CaP-Vanillin (see Scheme 1b).
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Scheme 1. (a) Synthetic protocol to prepare the vanillin derivative (3); (b) Representation of CaP-
Vanillin synthesis.

The prepared materials were characterized using different techniques. The TGA
showed that the CaP-Vanillin material contains 2.9 mg of organic matter per gram, cor-
responding to a surface site density of 12.2 umol g~! The analysis obtained with HR-
FESEM-EDX (Figure 1) of the CaP and CaP-Vanillin shows, in the case of functionalized
materials, the presence of nitrogen, the decrease in the percentage of P (12% for CaP and
3% of CaP-Vanillin), Ca (25% for CaP and 1% of CaP-Vanillin) and O (63% for CaP and
39% of CaP-Vanillin), and increase in the percentage of C (0% for CaP and 49% of CaP-
Vanillin), confirming the immobilization of the vanillin derivative 3 on the CaP. Moreover,
HR-FESEM images of CaP and CaP-Vanillin (Figure 2) demonstrated that the CaP surface
before and after functionalization with the vanillin derivative was similar, indicating that
the functionalization process did not change the CaP structure at the micrometric level. In
addition, IR was also used to follow the functionalization. Comparison of the spectra of
CaP and CaP-Vanillin revealed peak shifts located at 1049, 634 and 606 cm ! attributed to
the formation of specific phosphoramide bonds between CaP and derivative 3 [40].
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Figure 1. HR-FESEM-EDX analysis of CaP (grey) and CaP-Vanillin (yellow) surfaces.

Figure 2. HR-FESEM images of CaP (A,B) and CaP-Vanillin (C,D) surfaces.

2.2. Antibacterial Capacity of CaP Material Functionalized with Vanillin

The antimicrobial activity of the prepared materials was tested against S. epidermidis.
S. epidermidis strains are closely related to most orthopaedic infections, and it was used to
study the antibacterial ability of CaP-Vanillin by time-kill assay. In this experiment, different
concentrations of Cap-Vanillin (10, 50 and 100 mg/mL) were used to test the bactericidal
activity of each concentration. In all three cases, a bactericidal effect was achieved, but the
main difference between them was the time required to achieve it (Figure 3). In the case
of the highest concentration (100 mg/mL), a reduction in bacterial viability was observed
after seven hours of treatment. On the other hand, using 50 mg/mL and 10 mg/mL, the
bactericidal effect was observed after 24 h and 48 h of treatment, respectively. That is to
say, the bactericidal effect of this material is dose-dependent. To relate these results to an
effective drug concentration, the organic loading determined by TGA (2.9 mg of organic
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matter per gram of functionalized solid) was used to calculate the equivalent concentration
of the immobilized vanillin derivative. Consequently, the solid concentrations of 10, 50, and
100 mg/mL correspond to effective vanillin derivative concentrations of approximately 29,
145, and 290 pug/mL, respectively. This normalization highlights that significant bactericidal
activity is achieved at relatively low effective doses of the active motif. On the other hand,
equivalent amounts of CaP support (10, 50 and 100 mg/mL) were used as controls. In
all three cases, there was no reduction in viability, so CaP has no antimicrobial activity.
These results indicate that the antibacterial activity of the functionalized CaP-Vanillin
material is due to vanillin and better results are obtained by using a higher concentration
of CaP-Vanillin. The intended use of CAP-Vanillin is for localised treatment, which allows
for higher concentrations of the antibiotic (i.e., vanillin) to be used. In addition, with this
type of formulation, the systemic toxicity of the compound would be reduced [41], which
is advantageous over orally or parenterally administered antibiotic therapy.

—w— CaP 10mg/mL —e— CaP 50mg/mL —=— CaP 100mg/mL
—4&— CaP-Vanillin50mg/mL —e&— CaP-Vanillin 10mg/mL —«— CaP-Vanillin 100mg/mL

N
1

Log10 (CFU/mL)

o
1

Time (h)

Figure 3. Time-kill curve for S. epidermidis RP62A exposed to CaP or CaP-Vanillin at 10, 50 and
100 mg/mL.

2.3. Antibiofilm Capacity of CaP Material Functionalized with Vanillin

Avoiding biofilm formation is a strategic step in preventing infections related to pros-
thetic devices [42]. Consequently, the ability of CaP-Vanillin to prevent biofilm formation of
the high biofilm-forming S. epidermidis strain RP62A was also studied. From a quantitative
perspective, CaP-Vanillin showed high ability to reduce biofilm formation after 48 h of
incubation of S. epidermidis RP62A. CaP-Vanillin achieved a 7-log reduction in viable S.
epidermidis biofilm cells compared to CaP at a concentration of 100 mg/mL, producing
a 2-log reduction at a concentration of 50 mg/mL (Figure 4). The average lethality of S.
epidermidis in biofilm produced by CaP-Vanillin was 98.9% and >99.9% with a concentration
of 50 mg/mL and 100 mg/mL, respectively in comparison with CaP. In addition, the
effect of CaP-Vanillin on preventing biofilm formation was studied using confocal laser
microscopy; in confocal images significant differences were observed between the biofilm
formed in the control (CaP) and the biofilm formed in presence of CaP-Vanillin. As shown
in Figure 5, S. epidermidis formed robust biofilms when cultured in the presence of CaP. In
contrast, biofilm formation was inhibited in presence of 100 mg/mL CaP-Vanillin. These
results showed that CaP-Vanillin strongly prevented the biofilm formation of S. epidermidis.
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Cap 50mg CaP-Vanillin 50mg Cap 100mg CaP-Vanillin 100mg

Figure 4. Effect of CaP-Vanillin on the biofilm formation of S. epidermidis RP62A in comparison
with CaP at different concentrations (50 mg/mL and 100 mg/mL). Viable cells quantification of the
biomass of a 48 h biofilm.

Figure 5. Confocal microscopy images (40x oil objective) of LIVE/DEAD®-stained biofilm of S.
epidermidis RP62A (Waltham, MA, USA). The bacteria were grown in TSBG for 48 h with CaP (A) and
CaP-Vanillin (B) at 100 mg/mL concentration. Images reveal that mature biofilm development is
inhibited by CaP-Vanillin.

Vanillin is a molecule used as an additive in the food industry and is included in the list
of food additives generally regarded as safe (GRAS) [43,44]. In addition, vanillin is a natural
compound that has been reported to exhibit, among others, antimicrobial activity and
antibiofilm activity, partly through disruption of bacterial membrane integrity, increased
membrane permeability, and interference with quorum sensing mechanisms [43]. Similarly
to other essential o0il compounds (EOCs), vanillin has been explored as an alternative
to chemically synthesized antibiotics. However, a key limitation of EOCs is their high
volatility, which can be addressed by covalent immobilization onto surfaces [45]. Surface
anchoring also provides higher local density, more homogeneous distribution, and greater
stability and functionality of the attached molecule [46]. In the present system, vanillin
is covalently immobilized onto CaP surfaces via its aldehyde group. Although covalent
attachment prevents diffusion into the surrounding medium, the phenolic hydroxyl group
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remains exposed at the surface, preserving antimicrobial activity in a contact-mediated
manner. The stability of this covalent anchoring—mediated by the robust phosphoramide
bond and the chemically stable secondary amine formed during synthesis—prevents the
leaching of the vanillin derivative into the surrounding medium. This chemical stability,
combined with the rigorous washing protocol employed during synthesis to remove any
physisorbed molecules, ensures that the observed bactericidal and antibiofilm effects are
driven strictly by the surface-exposed phenolic moieties and not by eluted species. Thus,
bacteria coming into direct contact with the functionalized surface are inactivated, while
the molecule remains stable and non-leaching. Such a strategy combines the chemical
robustness of covalent attachment with the biological activity of vanillin and represents a
practical approach to confer long-lasting antimicrobial properties to CaP surfaces. In the
literature, there are some works in which the surface of CaP is modified in order to add
antimicrobial activity. These modifications are by binding Ag or W nanoparticles [47,48],
by using lipid nanoparticles carrying the EOC carvacrol [49], or by coating the CaP surface
with a layer of tea tree 0il [50]. The surface modification can either inhibit bacterial adhesion
and biofilm formation (antiadhesive or anti-microfouling action) or directly kill adhered
bacteria (bactericidal action) [51]. In most of these examples, antimicrobial activity relies on
the controlled release of the active compound, which produces only a transient local effect,
and the EOCs do not remain active over time. In contrast, the covalent immobilization of
vanillin in the present work ensures that both bactericidal and antibiofilm activities are
maintained at the surface, as demonstrated in the results for CaP-Vanillin.

2.4. In Vivo Study

Orthopaedic injuries and associated pathologies are a major public health problem,
so there is a need to develop new materials with anti-inflammatory and antimicrobial
properties that present high biocompatibility, bioactivity and biodegradability. Nowadays,
poly(methyl methacrylate) (PMMA) bone cement is the gold standard biomaterial for local
antibiotic therapy in orthopaedics and has been used for over 35 years for both prophylaxis
and treatment of bone infection [21,52,53]. However, this material has some limitations
regarding the antibiotics that can be used. For instance, its polymerization reaches high
temperatures, so the antibiotics to be administered embedded in this material must be
thermolabile [54]. On the other hand, certain antibiotics are incompatible with PMMA due
to their ability to scavenge free radicals and impair PMMA polymerization [21,55]. It is
also important to note that PMMA is not biodegradable. Therefore, it must be eliminated
from the body at some point, which would require a second surgical intervention and the
associated risks [21].

In this scenario, there is a need to find new therapeutic materials that are biodegrad-
able to avoid surgery and that can also be absorbed by the body. One of the main candidates
are materials based on calcium phosphates [56,57]. CaP-based materials do not have an-
timicrobial activity, so adding some compound that presents this activity, such as EOCs,
makes it possible to obtain multifunctional biomaterials [58]. In fact, it has been previously
demonstrated that CaP particles present good biocompatibility, bioactivity, and biodegrad-
ability [5-7]. Moreover, a previous study [59], demonstrated that the functionalization of
CaP particles with vanillin did not present any cytotoxic effect on fibroblast-like cells and
that it did not modify the activity of osteoblast-like cells, which grew even on the material.
The subsequent step before testing efficacy in complex sepsis models, it is a regulatory and
scientific requirement to demonstrate that the new material allows for normal osseointe-
gration. On this basis, we further tested herein if functionalization of CaP particles with
vanillin affects osseointegration in vivo. For this purpose, in vivo studies were carried out
in New Zealand rabbits (n = 6 samples per group) that were submitted to surgery to place

https:/ /doi.org/10.3390/ph19010091


https://doi.org/10.3390/ph19010091

Pharmaceuticals 2026, 19, 91

90f18

CaP-Vanillin and CaP (as control) in the median region of the distal femoral condyle having
bone defects of 4 mm in diameter and 6 mm in depth. Animals were divided into four
groups. A two-factor analysis (Functionalization x Time) was implemented to evaluate the
bone healing process.

Figure 6 shows the quantitative results of bone formation (bone area inside for CaP-
Vanillin and control (CaP) samples at 2 and 8 weeks). At 2 weeks, no significant differences
were found between groups (p = 0.101; mean difference = —7.16; 95% CI: —15.82 to 1.50), and
this parity was maintained at 8 weeks (p = 0.618; mean difference = —1.48; 95% CI: —7.56 to
4.59). Regarding the temporal factor, a significant increase in bone area was exclusively
observed for CaP-Vanillin samples (p = 0.0263; mean difference = +8.08), whereas the
control group showed no significant growth over time (p = 0.535). Comprehensive data,
including p-values, 95% Cls, and effect sizes, are detailed in Table 1. All rabbits recovered
well from surgery, despite no antimicrobial treatment being used in any of the groups. In
summary, with respect to temporal evolution, CaP-Vanillin samples had significant growth
of bone area between 2 and 8 weeks, achieving an amount of bone growth compared to
control conditions, indicating that the functionalization with vanillin does not impede
bone growth. The observed temporal increase in bone area for the CaP-Vanillin group
(p = 0.0263) can be explained by the specific biological mechanisms through which vanillin
modulates osteoblast activity. Recent studies [60] have demonstrated that vanillin promotes
osteoblast differentiation and maturation by upregulating the BMP2/Smad1/5/8 and
RUNX2 signaling pathways, which are essential regulators of bone matrix mineralization.
Furthermore, vanillin has been shown to enhance F-actin polymerization and osteoblast
migration, morphological changes that accelerate the colonization of the scaffold surface
during the initial stages of bone repair. Beyond its osteogenic potential, vanillin exerts a
significant antioxidant effect, reducing reactive oxygen species (ROS) accumulation and
protecting mitochondrial integrity. This protective capacity prevents osteoblast apoptosis
under conditions of oxidative stress, thereby ensuring a higher density of viable bone-
forming cells within the implant site. Consequently, the covalent functionalization of
CaP with vanillin creates a pro-osteogenic environment that supports the significant bone
growth observed in our in vivo model.

Table 1. Histomorphometric results for bone area inside percentage for each group (1 = 6).

Comparison Factor

o . Mean
Mean + SD (%) 95[:;5::;;11:“(15?)“ Difference p-Value

(Effect Size)
2 weeks: CaP vs. 30.65 + 11.13 vs. 23.48 & 9.25 [—15.82, 1.50] ~7.16 0.101
CaP-Vanillin
8 weeks: CaP vs.
o D Varillin 33.05 4 7.11 vs. 31.56 + 7.24 [—7.56, 4.59] —1.48 0.618
Temporal CaP: 2w vs. 8w 30.65 £+ 11.13 vs. 33.05 + 7.11 [—11.45, 6.64] 2.40 0.535
Temporal CaP-Vanillin: 2w 53 \¢ | g 95y 3156 + 7.4 [0.98, 15.18] 8.08 0.0263

vs. 8w

The potential for clinical translation of vanillin-functionalized CaP scaffolds is sup-
ported by their chemical stability, manufacturing scalability, and favourable regulatory
profile. The covalent immobilization of the active motif through robust phosphoramide
bonds prevents the leaching of the vanillin derivative into the surrounding medium, en-
suring a stable, contact-mediated antimicrobial effect that avoids systemic toxicity. From
a manufacturing perspective, the synthetic protocol for the vanillin derivative is highly
efficient, achieving a 99% yield, which facilitates its industrial scale-up. Furthermore,
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vanillin is a natural compound with GRAS status and is already regulated under REACH,
which significantly reduces regulatory hurdles for clinical approval compared to synthetic
antibiotics. Unlike the current gold standard PMMA bone cement, these functionalized
scaffolds are biodegradable, potentially eliminating the need for a second surgical inter-
vention to remove the material. Finally, the material demonstrated excellent compatibility
with sterilization protocols; as shown in our in vivo study, the functionalized scaffolds
maintained their osseointegrative capacity over 8 weeks, with no significant differences
compared to commercial controls (p = 0.618), confirming that the functionalization process
does not compromise biological performance.

50- .
S
g 40 ‘
©
° | Group
‘D 30 | Ed caP-Vanillin
-E | E- CaP (Control)
C |
o
ol

2 |

104 |

2 Weeks 8 Weeks

Period

Figure 6. Temporal evolution of bone area inside percentage (* p < 0.0263) (n = 6).

3. Materials and Methods
3.1. Reagents, Bacterial Strain and Growth Conditions

The chemicals vanillin, imidazole, and palladium on carbon (Pd/C) were provided
by Sigma (Sigma-Aldrich Quimica S.L., Madrid, Spain). Also, 1,5-pentanediamine and
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and palladium
on carbon (Pd/C) were provided by Sigma (Sigma-Aldrich Quimica S.L., Madrid, Spain).
The solvent ethanol (extra pure), dichloromethane, diethyl ether, glucose and acetone were
purchased from Scharlab (Barcelona, Spain). LIVE/DEAD™ BacLight™ Bacterial Viability
kit were provided by Thermo Fisher Scientific (Waltham, MA, USA). Propofol Lipuro was
purchased from BBraun (Melsungen, Germany). Sodium pentobarbital, Dolethal, was
purchased from Vetoquinol (Lure, France).

Chemicals Commercial Surgibone© material was purchased from Surgival (Paterna,
Spain) in the form of granules (1-2 mm) composed of 75% hydroxyapatite and 25% f3-
tricalcium phosphate.

Antibacterial activity and the ability to prevent biofilm formation were evaluated
against Gram-positive bacteria, S. epidermidis RP62A (ATCC35984) (RP62A) strain from
ATCC (Manassas, VA, USA). RP62A is a methicillin-resistant strong biofilm-forming clinical
strain. Stocks were stored in Tryptone Soya Broth (TSB) (Scharlab SL, Barcelona, Spain)
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containing 20% glycerol (Scharlab Barcelona, Spain SL) at —80 °C. Before analysis, each
isolate was subcultured twice on Tryptone Soya Agar (TSA) (Scharlab SL, Barcelona, Spain)
plates to ensure viability.

3.2. Synthesis of Vanillin Derivative (3)

The vanillin derivative was synthesised according to the previously described (Polo
et al., 2018 [59]) with minor variations. Briefly, a two-step synthetic procedure was used to
prepare the vanillin derivative. In the first step, 760 mg (5 mmol) of vanillin (compound
1 in Scheme 1a) was suspended in 15 mL of dichloromethane. Then 616 pL (5 mmol) of
1,5-pentane diamine in dichloromethane (25 mL) was added dropwise to the mixture under
vigorous stirring (see Scheme 1a). The mixture was stirred for 1 h, diethyl ether (40 mL)
was added over the suspension, and the pale yellow solid was filtered off (compound 2
in Scheme 1a). In the subsequent step, 0.7 g of the obtained solid was dissolved in 18 mL
of ethanol, followed by the addition of 184 mg of Pd/C. The reaction vessel was then
purged with nitrogen to remove oxygen, after which a hydrogen flow was introduced. The
mixture was stirred for 3 h under inert conditions. Finally, the suspension was filtered and
concentrated under reduced pressure, yielding compound 3 (Scheme 1a) as a pale-yellow
solid with a 99% yield.

3.3. Preparation of CaP Functionalised with Vanillin Derivative (CaP-Vanillin)

For the functionalization of the granules (CaP) [59] the vanillin derivative (3) (523 mg)
was dissolved in a solution of imidazole in water (10 mL, 0.1 M). On the other hand, the
phosphate groups of CaP (300 mg) were activated by immersion of the material into a
solution of EDC (1.25 g, 6.52 mmol) in Phosphate-buffered saline (PBS)-EDTA 0.01 M buffer
(10 mL). Subsequently, the solution of derivative (3) was added to the granules, and the
samples were stirred for 24 h at 37 °C. The resulting functionalized solid, CaP-Vanillin,
was filtered, washed several times with water and acetone, and vacuum dried to remove
any unreacted vanillin derivatives, ensuring that only the derivative covalently bound
to CaP remained on the surface. Finally, sterilization of all samples prior to be used in
characterization, in vitro and in vivo studies was performed by Aragogamma S.L. (La Roca
del Vallés, Spain) through gamma irradiation (25 kGy).

3.4. Characterization Methods

The synthesized materials were characterized using high-resolution field emission
scanning electron microscopy (HR-FESEM), energy-dispersive X-ray spectroscopy (EDS),
thermogravimetric analysis (TGA), and infrared spectroscopy (IR).

HR-FESEM imaging and EDX measurements were performed with a Gemini SEM 500
microscope (Zeiss, Oberkochen, Germany, Oxford Instruments, Abingdon, UK), employing
an SE2 detector at 1 kV, a working distance of 3.7 mm, and a standard aperture of 30 pm.
TGA analyses were conducted on a TGA /SDTA 851e Mettler Toledo instrument (Greifensee,
Switzerland) under an oxidizing atmosphere (air, 80 mL/min), following a heating program
of 10 K/min from 393 K to 1273 K, with an isothermal step at the final temperature for
30 min. The functionalization of the solid was monitored by IR spectroscopy using a
Bruker Tensor 27 FTIR system (Billerica, MA, USA). The vanillin derivative was further
characterized by nuclear magnetic resonance (NMR), with 'H and '3C spectra recorded on
a Bruker Advance III (400 MHz, Billerica, MA, USA) using deuterated solvents.

3.5. Antibacterial Activity

The inoculum was prepared by suspending 1 to 3 colonies in PBS pH 7.4 from a
24 h culture and adjusting cell turbidity to 0.5 McFarland standard and diluting until
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a concentration of 1 x 10® CFU/mL is reached. After plating their serial dilutions and
counting the CFU per plate, the inoculum was checked to calculate the number of CFU/mL.

3.5.1. Antimicrobial Susceptibility Assays

The time-kill curves were evaluated in the presence of CaP or CaP-Vanillin (10 mg,
50 mg, and 100 mg) in a volume of 2 mL of PBS. Bacteria were incubated at room tempera-
ture with agitation (120 rpm), and the number of CFU/mL at selected time intervals (0, 1,
2,3,4,6,8,24 and 48 h) was determined. For this purpose, for each time-point, ten-fold
serial dilutions were performed and 100 uL of these were spread in TSA plates and after
24 h incubation at 37 °C the number of colonies was counted, and CFU/mL calculated.
The bactericidal effect was defined as > 3-log10 CFU/mL (corresponding to 99.9% killing)
decrease in comparison with the level for the initial inoculum [61]. For each time and
dilution, three experimental and technical replicates were performed.

3.5.2. Biofilm Formation Assays

The ability of CaP-Vanillin to prevent biofilm formation was quantified. Biofilm was
formed on CaP and CaP-Vanillin in a sterile flat-bottomed 24-well polystyrene microtiter
plate (Sarstedt, Niimbrecht, Germany). Wells were filled with 1 mL of TSB supplemented
with 0.25% d-(+)-glucose (TSBG) and CaP or CaP-Vanillin at concentrations of 50 mg/mL or
100 mg/mL and 20 pL of the stock inoculum suspension, providing 1 x 10* CFU/mL. After
48 h of incubation at 37 °C, both CaP and CaP-Vanillin samples were aseptically transferred
into tubes and rinsed twice with sterile PBS to eliminate non-adherent cells. Subsequently,
1 mL of sterile TSB was added to each tube. The samples were then processed by vortexing
for 1 min at 2500 rpm, followed by sonication for 1 min at 50 kHz, and an additional
vortexing step for 1 min at 2500 rpm. To determine the number of viable bacteria attached
to the granules, 100 uL of the resulting suspension and 100 L of its ten-fold serial dilutions
were plated on TSA and incubated at 37 °C for 24 h. Colonies were counted, and CFU/mL
values were calculated. Three experimental and technical replicates were performed.

3.5.3. Scanning Confocal Laser Microscopy

Scanning confocal laser microscopy determined cells’ viability in the biofilm in the
presence of CaP or CaP-Vanillin. For it, 24-well plates (Sarstedt), equipped with sterile glass
disks, were filled with 1 mL of TSBG, inoculated with 20 pL of the inoculum suspension
with final inoculum of approximately 1 x 103 CFU/mL and was grown for 24 h at 37 °C in
presence of CaP or CaP-Vanillin. After three washes with 500 pL of sterile PBS, bacterial
cells were stained using the Invitrogen™ LIVE/DEAD™ BacLight™ Bacterial Viability kit
(Fisher Scientific, Madrid, Spain) according to the manufacturer’s protocol. This staining
system combines SYTO® 9 and propidium iodide, enabling discrimination between viable
cells with intact membranes (green fluorescence) and cells with compromised membranes,
considered dead or dying (red fluorescence). Confocal microscopy was performed on a
Leica SP5 system (Leica, Wetzlar, Germany) in sequential mode using a 40x oil immersion
objective. Excitation wavelengths were set at 480 nm for SYTO® 9 and 490 nm for propidium
iodide, with emission collected at 500 nm and 635 nm, respectively. Representative images
were selected from at least three different regions per slide. All experiments included three
biological and technical replicates to ensure reproducibility, and results are reported as
mean £ SD.

3.6. In Vivo Study

The experimental protocols were approved by the Research Ethical Committee of
Universitat Politécnica de Valencia (ref. P05_07_05_20). Twelve female New Zealand rabbits
(Granja Riera, L’Atmetlla del Vallés, Spain) with a body weight of 3.76 & 0.25 kg were
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housed under controlled conditions and supplied with a standard diet and water ad libitum.
After a quarantine period, animals were submitted to surgery to place the experimental
(CaP-Vanillin) and control (CaP) materials in the median region of the distal femoral
condyle. General anaesthesia was induced with an intramuscular injection of 3.12 mg/kg
xylazine and 17.5 mg/kg ketamine. During surgery, anaesthesia was maintained with
continuous intravenous administration of 21 mg/kg/h of Propofol. In sterile conditions,
longitudinal incisions on the medial region of the distal femoral condyle were performed
bilaterally. Bone defects of 4 mm in diameter and 6 mm in depth were realised with a drill,
flushing and cooling with sterile 0.9% NaCl to remove bone debris. Next, 0.055 g of Cap and
0.055 g of CaP-Vanillin were weighed using a precision balance (PB-S/FACT /1129392386,
Mettler Toledo) in a sterile Eppendorf and implanted into the right or left lateral femoral
condyles. The surgical wound was closed routinely. All animals received 1 mg/kg of
flunixin meglumine and 0.03 mg/kg of buprenorphine (3 days), and the surgical wounds
were observed for healing and possible complications. No antimicrobial treatment was
administered. Animals were divided into four groups depending on their group and
experimentation time (Table 2).

Table 2. Experimental design.

2 Weeks 8 Weeks
CaP group 6 samples 6 samples
CaP-Vanillin group 6 samples 6 samples
TOTAL 12 samples (6 animals) 12 samples (6 animals)

Under general anaesthesia, at 2 and 8 weeks, animals were pharmacologically eutha-
nized with intravenous injection of 5 mL sodium pentobarbital.

3.7. Histological Evaluation and Explanted Distal Femurs Histomorphometric Measurements

Bone segments were dehydrated in a graded series of alcohol/water mixture and
embedded in TECHNOVIT resin (TECHNOVIT 7200 VLC Solution-Komponent 1:1000 m).
Specimens were sectioned using EXAKT system, obtaining two sections of each specimen.
Sections were stained with Mason-Goldner stain for histological evaluations and histo-
morphometric measurements performed by FIJI software (Image] 1.53c) [62]. For each
section, regions of interest (ROI) were created: ROI corresponding to a region defined
by material’s perimeter This ROI were defined to measure bone formation between the
implanted material. The following histomorphometric parameter was defined:

Bone area inside (%): measured as the amount of bone found in ROI, and calculated
by the following formula:

BOHGROH

. el — 100 1
one area 1nsi e( ) Total Areagor — Al'eajmplant ()

Figure 7 shows the procedure followed to obtain bone area inside.
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Figure 7. Images of the various steps involved in processing histological sections. All images were
taken at 100x magnification.

3.8. Statistical Analysis

Statistical analysis was performed using R software (version 4.1.3). A two-factor
analysis (Functionalization x Time) was implemented to evaluate bone regeneration.
Homogeneity of variance was assessed using Levene’s test. For comparisons between
groups with equal variances, Student’s t-test was used; for groups with unequal variances,
Welch’s t-test was applied. Results are reported with exact p-values, 95% Confidence
Intervals (CI), and mean differences as a measure of effect size.

4. Conclusions

Vanillin-functionalized CaP scaffolds (CaP-Vanillin) were developed via the covalent
anchoring of the vanillin derivative 3 to commercially available CaP scaffolds. TGA studies
proved the correct functionalization of the material. Besides, HR-FESEM demonstrated that
no substantial changes in the morphology of the materials at the micrometric level were
observed after the functionalization process. CaP-Vanillin shows to be a remarkable in vitro
antibacterial against the bacterium S. epidermidis. Experiments showed that no viable cells
were detected at CaP-Vanillin concentrations of 100 mg/mL, 50 mg/mL, and 10 mg/mL
after 7 h, 8 h and 48 h, respectively. Furthermore, CaP-Vanillin showed a high ability to
reduce biofilm formation after 48 h of incubation with S. epidermidis RP62A. CaP-Vanillin
achieved a 7-log reduction in viable biofilm cells of S. epidermidis compared to CaP at a
concentration of 100 mg/mL, producing a 2-log reduction at a concentration of 50 mg/mL.
The mean lethality of S. epidermidis in the biofilm produced by CaP-Vanillin was 98.9% and
>99.9% at a concentration of 50 mg/mL and 100 mg/mL, respectively, compared to CaP.
In addition, in vivo studies with CaP-Vanillin and CaP placed in the median region of the
distal femoral condyle on New Zealand female rabbits were also carried out, to assess if
CaP-Vanillin interferes with osseointegration. Regarding the time course, CaP-Vanillin
shows a significant growth of bone area between 2 and 8 weeks, resulting in a comparable
amount of bone growth to under control conditions, which demonstrates that vanillin does
not hinder bone growth. In summary, results showed that the material exhibits an excellent
safety profile and does not impede bone growth, maintaining its antimicrobial potential
demonstrated in vitro. Considering this and the excellent in vitro antimicrobial properties
of CaP-Vanillin, we are conducting further studies to state the behaviour of the CaP-Vanillin
implant in terms of infection inhibition and the potential application of vanillin and other
EOC coatings in medical devices for biomedical applications.
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