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ABSTRACT 

Objective: This study aims to develop an antimicrobial coating using eugenol, an 
essential oil component, incorporated into chitosan and mesoporous silica 
nanoparticles (MSNs) to inhibit biofilm formation on medical devices.  
Methods: MSNs were synthesized using the Stöber method [1], loaded with 
eugenol, and embedded into a crosslinked chitosan coating. The coatings were 
characterized using techniques such as SEM, FTIR, and XPS. Eugenol release was 
evaluated under different pH conditions. Antimicrobial and antibiofilm activities 
were tested against Staphylococcus aureus, methicillin-resistant S. aureus (MRSA), 
and Pseudomonas aeruginosa using growth inhibition assays, Live/Dead staining, 
and SEM. Biocompatibility was assessed with NIH/3T3 fibroblasts.   
Results: The eugenol-loaded coating demonstrated controlled release, with 
increased release at pH 6 compared to pH 7.4. It significantly reduced planktonic 
growth and biofilm formation of all tested bacteria, killing >94% of adherent cells. 
The chitosan coating alone showed limited antimicrobial activity. The eugenol-
containing coating was biocompatible in indirect contact but slightly reduced cell 
metabolic activity in direct contact.   
Conclusion: The eugenol-releasing chitosan-MSN coating effectively inhibits 
biofilm formation and demonstrates potential as an antimicrobial surface for 
medical devices. Incorporating antimicrobial agents like eugenol is essential for 
optimal antibiofilm activity. This work provides a foundation for developing 
chitosan-based coatings with other essential oils or antibiotic alternatives. 

Keywords: Antimicrobial coatings, essential oils, biofilm control, eugenol, 
chitosan, mesoporous silica nanoparticles (MSNs)  

Introduction 
Biofilms are structured communities of bacteria that 
adhere to surfaces and produce extracellular polymeric 
substances (EPS), making them highly resistant to 
antibiotics and immune responses [2]. These biofilms are 
a major cause of healthcare-associated infections 
(HAIs), particularly on medical devices such as catheters, 
implants, and prosthetics [3]. It is estimated that biofilms 
account for over 65% of HAIs, leading to increased 
morbidity, mortality, and healthcare costs [4]. The 
resistance of biofilms to conventional antibiotics is due 
to their dense EPS matrix, which limits drug penetration, 
and their ability to exchange antibiotic-resistant genes 
through quorum sensing (QS) [5]. 

Traditional approaches to treating biofilm-related 
infections often involve the removal of infected devices 
and extensive debridement, which are costly and 
traumatic for patients [6]. To address this issue, there is 
a growing interest in developing antimicrobial surfaces 
that prevent biofilm formation [7]. One promising 
strategy is the use of smart coatings that release 
antimicrobial agents in response to bacterial presence, 
such as pH changes caused by bacterial metabolism [8]. 
This approach minimizes unnecessary drug release, 
reducing the risk of bacterial resistance and cytotoxicity 
[9]. While many studies have focused on antibiotic-based 
coatings, there is increasing concern about antibiotic 
resistance [10]. 
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As a result, researchers are exploring alternative 
antimicrobial agents, such as essential oils (EOs) and 
their components [11]. EOs are natural compounds 
extracted from plants and have been shown to possess 
broad-spectrum antimicrobial, antibiofilm, and anti-QS 
properties [12]. However, their application in 
antimicrobial coatings is limited due to their poor water 
solubility, high volatility, and low stability [13]. 
This study focuses on eugenol, a major component of 
clove essential oil, which has demonstrated potent 
antimicrobial and antibiofilm activity [14]. Eugenol is 
incorporated into a chitosan matrix, a biocompatible and 
biodegradable polymer [15], using mesoporous silica 
nanoparticles (MSN) as a delivery system [16]. The goal 
is to develop a pH-responsive coating that releases 
eugenol in the presence of bacterial infections, 
effectively inhibiting biofilm formation on medical 
devices [17]. 
Materials and Methods 
Synthesis and Characterization of MSNs   
MSNs were synthesized using the Stöber method [1], 
which involves the hydrolysis and condensation of 
tetraethyl orthosilicate (TEOS) in the presence of a 
surfactant. The synthesized MSNs were characterized 
using dynamic light scattering (DLS) for particle size, 
Brunauer-Emmett-Teller (BET) analysis for surface area 
and pore size [18], and scanning electron microscopy 
(SEM) for morphology [19]. 
Loading Eugenol into MSNs   
Eugenol was loaded into MSNs using a solvent-based 
adsorption method [20]. MSNs were dispersed in a 
solution of eugenol in n-hexane, and the mixture was 
stirred for 24 hours. The encapsulation efficiency was 
determined by measuring the unloaded eugenol in the 
supernatant using UV-Vis spectrophotometry [21]. 
Fabrication of Chitosan Coatings   
Chitosan was dissolved in acetic acid and crosslinked 
with glutaraldehyde (GA) to form a hydrogel matrix [22]. 
MSNs loaded with eugenol (MSN-EUG) were 
incorporated into the chitosan solution, and the mixture 
was drop-casted onto glass substrates to form coatings 
[23]. 
Characterization of Coatings   
The coatings were characterized using attenuated total 
reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR) to identify chemical bonds [24], X-ray 
photoelectron spectroscopy (XPS) to analyze surface 
elemental composition [25], and 3D optical profilometry 
to measure thickness and roughness [26]. 
Release Studies   
The release of eugenol from the coatings was studied in 
phosphate-buffered saline (PBS) at pH 6 and 7.4 to 
simulate acidic and physiological conditions, respectively 
[27]. The cumulative release was measured using UV-Vis 
spectrophotometry over 192 hours [28]. 
Antimicrobial and Antibiofilm Activity   

The coatings were tested against Staphylococcus aureus, 
methicillin-resistant S. aureus (MRSA), and 
Pseudomonas aeruginosa [29]. Growth inhibition assays 
were performed to evaluate the effect on planktonic 
bacteria [30], while Live/Dead staining and confocal 
laser scanning microscopy (CLSM) were used to assess 
biofilm formation and bacterial viability [31]. SEM was 
used to study bacterial morphology and membrane 
integrity [32]. 
Biocompatibility   
The biocompatibility of the coatings was evaluated using 
NIH/3T3 mouse fibroblasts [33]. Direct contact assays 
involved placing the coatings on adherent cells, while 
indirect contact assays used extracts of the coatings [34]. 
Cell metabolic activity was measured using the MTT 
assay [35]. 
Results and Discussion 
Characterization of Mesoporous Silica Nanoparticles (MSNs)  
The synthesized MSNs were characterized using various 
techniques. The Brunauer–Emmett–Teller (BET) 
analysis revealed a high surface area of 1587.80 m²/g, 
with a pore size of 3.30 nm and a pore volume of 1.31 
cm³/g [18]. Dynamic Light Scattering (DLS) 
measurements indicated an average hydrodynamic 
diameter of 275 nm while Scanning Electron 
Microscopy (SEM) showed a particle diameter of 187.0 
± 28.0 nm [19]. Fourier Transform Infrared (FTIR) 
spectroscopy confirmed the presence of Si–O–Si bonds, 
indicating the successful synthesis of MSNs [24]. 
Encapsulation Efficiency of Eugenol in MSNs    
Eugenol was encapsulated into MSNs with an efficiency 
of 74.5 ± 1.4%, corresponding to 1.98 ± 0.042 µL of 
eugenol per mg of MSNs [20]. The release profile of 
eugenol from MSNs in PBS showed an initial slow 
release, peaking at 24 hours with 6.26 ± 1.0% release, 

followed by a decrease over time [28] . 
Development and Characterization of Chitosan-Based Coatings    
Chitosan coatings crosslinked with glutaraldehyde (GA) 
were developed, with GA concentrations ranging from 
0.5% to 12% [22]. The swelling ratios of the coatings 
were highest for GA0.5%-CHI and GA1%-CHI, 
indicating greater hydration and potential for pH-
responsive release [27]. The incorporation of eugenol-
loaded MSNs (MSN-EUG) into the chitosan matrix 
resulted in a composite coating (GA0.5%-CHI-MSN-
EUG) with increased roughness (Ra = 11.0 ± 1.5 µm) 
and thickness (88.9 ± 3.8 µm) compared to the pure 

chitosan coating [26] . 
Release Kinetics of Eugenol from Composite Coatings    
The release of eugenol from GA0.5%-CHI-MSN-EUG 
and GA1%-CHI-MSN-EUG coatings was evaluated in 
PBS at pH 6 and 7.4 [27]. The release profile followed a 
similar pattern to that of MSN-EUG, with an initial low 
release, peaking at 24 hours (1.28 ± 0.062% at pH 6), 
and then decreasing.  
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The release was slightly higher at pH 6 compared to pH 

7.4, indicating a pH-responsive behavior  [28] . 
Antimicrobial and Antibiofilm Activities   
The antimicrobial and antibiofilm activities of the 
coatings were tested against Staphylococcus aureus (S. 
aureus), methicillin-resistant S. aureus (MRSA), and 
Pseudomonas aeruginosa (P. aeruginosa) [29]. The 
GA0.5%-CHI-MSN-EUG coating significantly reduced 
the planktonic growth of S. aureus, MRSA, and P. 
aeruginosa by 99.4%, 94.8%, and 66.6%, respectively 
[30]. Live/Dead staining and confocal laser scanning 
microscopy (CLSM) revealed that the eugenol-
containing coating significantly reduced bacterial 
adhesion and increased the percentage of dead cells 

compared to the control coatings [31]. SEM images 
confirmed the disruption of bacterial membranes and 
severe morphological distortions in bacteria exposed to 
the eugenol-containing coating [32]. 
 

Biocompatibility   
The biocompatibility of the coatings was assessed using 
NIH/3T3 mouse fibroblasts [33]. The GA0.5%-CHI 
and GA0.5%-CHI-MSN coatings showed no 
cytotoxicity in both direct and indirect contact methods. 
However, the GA0.5%-CHI-MSN-EUG coating 
exhibited a 46.7% reduction in cell metabolic activity in 
direct contact, indicating some cytotoxicity, though it 
was still less toxic than the 10% DMSO control [35]. 

 

 

Figure 1. Cumulative release percentage of eugenol from GA0.5% and GA1%-CHI-MSN- EUG coatings in PBS pH 6 and 7.4 at 

37oC. Values are expressed as means ± SD (n = 3). 

 

Figure 2. Morphology and pore structure of MSNs. Surface morphology of MSNs observed by SEM (A), N2 adsorption-desorption 
isotherms at 77 K for MSNs (B) and pore width distribution graph of MSNs (C), particle diameter distribution determined by SEM 
(n= 128 particles measured over three samples) (D) and DLS (E). Pore widths were estimated using the BJH model applied to the 

adsorption branch of the isotherm. 
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Figure 3. Calibration curve of eugenol in n-hexane 

 

Figure.4. Cumulative release percentage of eugenol from MSNs in PBS pH 6 and PBS– DMSO pH 6 at 37oC. Each data point 

represents mean ± SD (n = 3). 

 

Figure 5. Reaction schemes of chitosan crosslinking by TESPH and glutaraldehyde. 
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Figure 6. Swelling ratio curve of chitosan coatings crosslinked with different GA concentrations in PBS pH 6 at 37oC over 48 hours. 

Each data point represents mean ± SD (n= 3). 

 

Figure 7. Cumulative release percentage of eugenol from GA0.5% and GA1%-CHI-MSN- EUG coatings in PBS pH 6 and 7.4 at 

37oC. Values are expressed as means ± SD (n = 3). 

 

Figure 8. Planktonic growth (%) of S. aureus, MRSA, and P. aeruginosa after 24 h incubation with different coatings. Values are 
expressed as mean ± SD (n = 6). A significant difference was defined as *: p < 0.05 compared to glass control, #: p < 0.05 compared 

to GA0.5%-CHI, and ●: p < 0.05 compared to GA0.5%-CHI-MSN. 
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Figure 9. Representative CLSM images of live/dead stained S. aureus on chitosan-based coatings and glass substrate after 
incubation in the growth medium for 24 h. Scale bar = 40 µm. 

Figure10. The metabolic activity of NIH/3T3 fibroblasts after direct and indirect contact with the coatings relative to glass and 
DMSO 10% controls. Results are reported as means ± SD (n = 8). The significant difference was defined as * and #: p < 0.05 

compared to glass and 10% DMSO, respectively in the direct contact method, ● and   : p < 0.05 compared to glass and 10% DMSO, 

respectively in the indirect contact method. 
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Table 1. Summary of BET surface area, pore size, and pore volume of MSNs calculated from the N2 adsorption-

desorption isotherm. 

Parameter MSNs 

BET surface area (m2/g) 1587.80 

BJH adsorption surface area (m2/g) 1587.29 

BJH desorption surface area (m2/g) 1618.10 

BJH adsorption pore width (nm) 3.30 

BJH desorption pore width (nm) 3.27 

BJH adsorption pore volume (cm3/g) 1.31 

BJH desorption pore volume (cm3/g) 1.32 

 
Table 2. Average thickness and roughness (Ra) of chitosan-based coatings. 

Coating Thickness (µm) Roughness (Ra) (µm) 

GA0.5%-CHI 75.3 ± 0.77 0.162 ± 0.030 

GA0.5%-CHI-MSN-EUG 88.9 ± 3.8 11.0 ± 1.5 
 

 
 

Table 3. Minimum inhibitory concentrations of eugenol against S. aureus, MRSA, and P. aeruginosa. 

Bacteria MIC (µL/mL) MIC (µg/mL) MIC (mM) 

S. aureus 0.625 ± 0.0 666.9 ± 0.0 4.06 ± 0.0 

MRSA 0.833 ± 0.361 888.8 ± 385.2 5.41 ± 2.3 

P. aeruginosa 2.5 ± 0.0 2,667.5 ± 0.0 16.24 ± 0.0 

 

Discussion 
The development of antimicrobial coatings for medical 
devices is a critical area of research, particularly in the 
context of biofilm-associated infections [2]. This study 
successfully developed a chitosan-based coating 
embedded with eugenol-loaded mesoporous silica 
nanoparticles (MSNs) that demonstrated controlled 
release, significant antimicrobial activity, and 
biocompatibility [20]. The results highlight the potential 
of this coating as a pH-responsive antimicrobial surface 
for medical devices [27]. 
Eugenol, a major component of clove essential oil, was 
chosen for its potent antimicrobial and antibiofilm 
properties [14]. The incorporation of eugenol into 
MSNs allowed for controlled release, with higher release 
observed at pH 6 compared to pH 7.4, mimicking the 
acidic environment of bacterial infections [28]. This pH-
responsive behavior is crucial for targeted drug delivery, 
minimizing unnecessary release and reducing the risk of 
bacterial resistance [9]. 
The chitosan matrix provided a biocompatible and 
biodegradable platform for the MSN-EUG system [15]. 
Chitosan’s positively charged amine groups interact with 
the negatively charged bacterial membranes, enhancing 

antimicrobial activity [36-40]. However, crosslinking 
with glutaraldehyde (GA) reduced the number of free 
amine groups, which may have limited the intrinsic 
antimicrobial activity of chitosan [22]. This underscores 
the importance of incorporating antimicrobial agents 
like eugenol to enhance the coating’s efficacy [14]. 
The GA0.5%-CHI-MSN-EUG coating demonstrated 
significant reductions in planktonic growth of 
Staphylococcus aureus(99.4%), methicillin-resistant S. 
aureus(MRSA) (94.8%), and Pseudomonas 
aeruginosa(66.6%) [30].  
The coating also reduced biofilm formation and 
increased the percentage of dead adherent cells, as 
confirmed by Live/Dead staining and SEM [31]. These 
results align with previous studies showing that eugenol 
inhibits biofilm formation at sub-MIC concentrations, 
likely through membrane disruption and quorum 
sensing inhibition [14]. 
Biocompatibility testing revealed that the GA0.5%-CHI-
MSN-EUG coating was non-toxic in indirect contact 
but caused a 46.7% reduction in cell metabolic activity 
in direct contact [35]. This could be attributed to the 
high local concentration of eugenol at the coating 
surface before diffusion into the medium [28]. 
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Further optimization of the eugenol loading and release 
kinetics may improve biocompatibility while maintaining 
antimicrobial efficacy [27]. 
 

Future Directions 
1. Optimization of Release Kinetics: Adjusting the 
crosslinking density and MSN loading to achieve 
sustained release of eugenol while minimizing 
cytotoxicity [27]. 
2. Testing on Medical Devices: Evaluating the coating’s 
performance on real medical devices such as catheters 
and implants [17]. 
3. In Vivo Studies: Assessing the coating’s efficacy and 
biocompatibility in animal models to validate its 
potential for clinical applications [33]. 
4. Exploration of Other Essential Oils: Investigating the 
incorporation of other essential oils or antibiotic 
alternatives to broaden the coating’s antimicrobial 
spectrum [11]. 
 

Conclusion 
The eugenol-releasing chitosan-MSN coating developed 
in this study represents a promising strategy for 
preventing biofilm formation on medical devices. Its 
pH-responsive release, broad-spectrum antimicrobial 
activity, and biocompatibility make it a viable alternative 
to traditional antibiotic-based coatings. This work 
provides a foundation for further development of 
chitosan-based coatings with essential oils or other 
antimicrobial agents for medical applications. 
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