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In an effort to combat methicillin-resistant Staphylococcus aureus (MRSA), this study investigates 
the potential of mentha-loaded albumin nanoparticles (MLAN) as a novel antimicrobial agent. MLAN 
was synthesized by a desolvation method in which the mentha extract was encapsulated in albumin 
nanoparticles to increase stability and reduce toxicity. Characterization of the nanoparticles by 
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), dynamic light 
scattering (DLS), and X-ray Diffraction (XRD) confirmed their spherical morphology, a size range of 
100–200 nm and uniform distribution. The encapsulation efficiency (EE%) and loading capacity (LC%) 
of MLAN were determined to be 80% and 72.73%, respectively, indicating a high effectiveness of the 
encapsulation process. Evaluation of cytotoxicity using the MTT assay revealed that MLAN exhibited 
significantly higher biocompatibility compared to aqueous Mentha extract and maintained cell viability 
at 85.1 ± 3.5% at the highest concentration tested (250 µg/mL). Antimicrobial evaluations against 
MRSA showed that MLAN had larger zones of inhibition and lower minimum inhibitory concentration 
(MIC) and minimum bactericidal concentration (MBC) values (0.39 mg/mL and 0.78 mg/mL, 
respectively) compared to the aqueous extract (MIC: 0.78 mg/mL, MBC: 1.56 mg/mL). In addition, real-
time PCR showed that MLAN significantly downregulated the expression of key virulence genes (icaA, 
icaD and ebps) in MRSA, indicating a potential reduction in bacterial virulence. These results suggest 
that MLAN could be a promising alternative to conventional antibiotics with improved antimicrobial 
efficacy and reduced cytotoxicity. The study underlines the potential of combining plant extracts 
with nanotechnology for the development of new therapeutic approaches against antibiotic-resistant 
pathogens such as MRSA. Further in vivo studies are warranted to validate the clinical applicability of 
MLAN.
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Staphylococcus aureus remains a critical global health concern, recognized as a leading cause of hospital-acquired 
and community-associated infections1. The escalating prevalence of methicillin-resistant S. aureus (MRSA) 
strains has severely complicated treatment strategies, contributing to increased morbidity and mortality despite 
advancements in anti-staphylococcal antibiotic development2. Indiscriminate antibiotic use is a major driver 
in the emergence and propagation of antibiotic resistance, impacting not only bacterial infections but also the 
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management of viral diseases like tuberculosis, COVID-19, and AIDS, where secondary bacterial infections, 
often involving resistant strains like S. aureus, pose significant threats3,4. The urgent need for novel therapeutic 
approaches to combat antibiotic-resistant bacteria, such as S. aureus, is therefore paramount5–7.

Plant-derived compounds offer a promising avenue for developing new antimicrobial agents, leveraging 
diverse mechanisms of action that can overcome bacterial resistance8–10. Mentha species, commonly known 
as mints, have been traditionally used for centuries in folk medicine and are increasingly recognized for their 
potent antibacterial properties. Specifically, extracts from Mentha species have demonstrated significant in 
vitro antibacterial activity against a broad spectrum of pathogens, including drug-resistant strains11–13. Mentha 
is recognized for its antimicrobial properties, which are attributable to its essential oil components. Studies 
exploring Mentha essential oil or its major components (like menthol) encapsulated in various nanoparticle 
formulations have shown promising antibacterial activities14. This antimicrobial efficacy is attributed to a 
complex mixture of bioactive compounds present in Mentha essential oils and extracts, such as menthol, 
menthone, and other terpenes and phenolic compounds, which exhibit diverse mechanisms of action against 
bacteria, including disruption of cell membranes, enzyme inhibition, and interference with bacterial virulence 
factors. Therefore, Mentha extracts present a compelling natural resource for combating bacterial infections, 
including MRSA. However, the efficiency can vary significantly depending on the encapsulation method, the 
nanoparticle composition, and the targeted bacteria15.

The direct application of crude plant extracts as antimicrobial agents is often limited by factors such 
as low stability, reduced antimicrobial activity at lower concentrations, and potential cytotoxicity at 
higher concentrations16,17. Nanotechnology offers innovative solutions to overcome these limitations18,19. 
Encapsulating plant extracts within nanostructures, particularly biocompatible nanoparticles, can enhance their 
stability, improve targeted delivery to bacterial cells, control release kinetics, and reduce off-target toxicity20–22. 
Furthermore, certain nanostructures can exhibit intrinsic antimicrobial properties, potentially leading to 
synergistic effects when combined with plant extracts, thereby enhancing the overall antimicrobial efficacy 
and reducing the required concentration of the extract23–25. Nanoparticle encapsulation can also address the 
inherent instability of many bioactive plant compounds, protecting them from degradation and ensuring 
sustained activity26.

Among various nanocarriers, protein nanoparticles, especially albumin nanoparticles, stand out as 
highly promising for developing novel antimicrobial agents27. Albumin, an endogenous blood protein, offers 
exceptional biocompatibility, biodegradability, and non-toxicity, making albumin nanoparticles ideal carriers 
for both natural and synthetic drugs28,29. Their inherent safety profile, coupled with their ability to encapsulate 
and deliver bioactive compounds, makes them particularly attractive for enhancing the therapeutic potential of 
plant extracts.

This study was designed with the overarching objective to evaluate and compare the antimicrobial potential 
of aqueous extract of Mentha leaves and Mentha-Loaded Albumin Nanoparticles (MLAN) against resistant S. 
aureus. Specifically, the objectives of this research were to:

Synthesize and characterize Mentha-Loaded Albumin Nanoparticles (MLAN) and free albumin nanoparticles 
using techniques such as TEM, FTIR, and DLS.

We evaluated and compared the antimicrobial efficacy of MLAN and aqueous Mentha extract against 
MRSA using an agar well diffusion assay and determined their minimum inhibitory concentration (MIC) and 
Minimum Bactericidal Concentration (MBC).

Assess the biocompatibility of MLAN, free albumin nanoparticles, and aqueous Mentha extract on human 
fibroblasts (HFF) using MTT assay.

Investigate and compare the effect of MLAN and aqueous Mentha extract on the expression of key MRSA 
virulence genes (icaA, icaD, and ebps) using real-time PCR.

The novelty of this study lies in its comprehensive evaluation of Mentha-loaded albumin nanoparticles 
as a strategy to enhance the antimicrobial efficacy and biocompatibility of Mentha extract against MRSA. 
By combining the natural antimicrobial properties of Mentha extract with the advantageous delivery system 
of albumin nanoparticles, this research explores a promising avenue for developing improved therapeutic 
interventions against antibiotic-resistant bacterial infections. Furthermore, the investigation into the 
downregulation of key virulence genes by MLAN provides insights into the potential mechanisms of action and 
highlights the therapeutic potential of this nanoformulation in combating MRSA pathogenesis.

Materials and methods
Plant extraction and analysis
The maceration method was used to prepare the plant extract30. After collection, Mentha sp. were cleaned and 
stored for several days in a controlled environment at room temperature and protected from direct light to ensure 
good drying. The dried plants were then crushed to a fine powder and prepared for extraction. This involved 
soaking 100 g of the dried plant material in 1000 mL of a 70% ethanol solvent. The mixture was maintained at a 
temperature of 37 °C for 48 h. The solution was then filtered using Whatman filter paper No. 1. The filtrate was 
concentrated using a rotary evaporator under vacuum conditions until the volume was significantly reduced. 
The concentrated extract was then dried in a vacuum oven at 50 °C and stored in a freezer at -20 °C until further 
use. The chemical composition of the extract was analyzed using gas chromatography (GC) with a specific 
column and temperature program.

Synthesis of MLAN
Albumin nanoparticles were synthesized using the desolvation method as previously described23,31. First, 200 mg 
of human serum albumin (HSA) was dissolved in distilled water and mixed on a magnetic stirrer for 20 min. 
The solution was then heated to 60 °C for 20 min to denature the protein. A desolating solvent consisting of 70% 
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ethanol was gradually added to the denatured albumin solution. After 15 min, a stoichiometric amount of the 
crosslinker (8% glutaraldehyde) was added to the mixture. The solution was stirred continuously at 37 °C for 
18 h. After this time, the solvent was removed with a rotary evaporator and the resulting pellet was redissolved in 
a minimal amount of distilled water. The solution was centrifuged at 10,000 rpm for 20 min and the supernatant 
was stored at 4 °C. For the synthesis of MLAN, the procedure was identical up to the denaturation of the protein. 
At this stage, the solvent for desolvation, which contained the Mentha extract, was added to the protein solution. 
The subsequent steps, including the addition of the crosslinker and the stirring process, were carried out as 
described above.

Characterization of the prepared nanoparticles
The prepared nanoparticles were characterized by transmission electron microscopy (TEM), Fourier transform 
infrared spectroscopy (FTIR), dynamic light scattering (DLS), and X-ray Diffraction (XRD) analysis. TEM was 
performed with a JEOL JEM-2100 device at an accelerating voltage of 200 kV to determine the morphology and 
size distribution of the nanoparticles. FTIR spectra were recorded using a Bruker Tensor 27 spectrometer to 
identify the functional groups present on the surfaces of the nanoparticles. DLS measurements were performed 
using a Malvern Zetasizer Nano ZS to determine the hydrodynamic size and zeta potential of the nanoparticles. 
The crystalline structure of the synthesized materials was characterized by XRD analysis.

Determination of encapsulation efficiency and loading capacity
The encapsulation efficiency (EE%) and loading capacity (LC%) of the MLAN were determined to evaluate 
the effectiveness of the encapsulation process and the amount of Mentha extract loaded into the albumin 
nanoparticles. After the synthesis of MLAN, the nanoparticles were centrifuged at 15,000  rpm for 30  min 
and the supernatant containing the unencapsulated Mentha extract was analyzed spectrophotometrically at a 
wavelength of 280 nm. The EE% and LC% were calculated using the following equations:

EE% = Total extract Free extract/Total extract × 100
LC% = [(Total amount of substance − Free amount of substance) / Nanoparticles weight] x 100
where “Total extract” is the total amount of Mentha extract used in the preparation of MLAN, “Free extract” 

is the amount of extract not encapsulated in the nanoparticles, and “Weight of nanoparticles” is the total weight 
of the nanoparticles obtained after encapsulation.

Evaluation of the cell toxicity
The cytotoxicity of the Mentha leaf extract, MLAN, and free albumin nanoparticles was evaluated using the 
colorimetric MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2  H-tetrazolium bromide) assay, as previously 
described32. Human fibroblast (HFF) cells were used as a model system. The cells were incubated for 24 h with 
different concentrations of the test substances (0.1, 0.5, 1.0, 5.0 and 10.0 µg/mL). After incubation, viable cells 
were determined by MTT staining and measured using a UV-visible spectrophotometer at a wavelength of 
570 nm. Cell viability was calculated as a percentage of the control group, which was considered 100% viable. 
The results are expressed as the mean ± standard deviation of three independent experiments. The half-maximal 
inhibitory concentration (IC50) values were calculated using nonlinear regression curve fitting in GraphPad 
Prism software.

Antimicrobial evaluation
The antimicrobial activity of the aqueous extract of Mentha leaves and the MLAN was tested against MRSA. 
The bacterial strain was cultured in Mueller-Hinton broth, and the inoculum was adjusted to a 0.5 McFarland 
standard using a spectrophotometer. The agar plates were prepared with Mueller-Hinton agar and the wells were 
punched out with a sterile cork borer. The Mentha leaf extract and MLAN were added to the respective wells 
at different concentrations (0.25, 0.5, 1.0 and 2.0 mg/mL). The plates were incubated at 37 °C for 24 h and the 
diameter of the inhibition zones was measured. The minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) of the Mentha leaf extract and MLAN were determined using the broth 
microdilution method. Serial dilutions of the samples were prepared in Mueller-Hinton broth, and the bacterial 
inoculum was added. The plates were incubated at 37 °C for 24 h and the MIC was determined as the lowest 
concentration that inhibited visible bacterial growth. To determine the MBC, aliquots from the MIC wells and 
higher concentrations were plated on Mueller-Hinton agar and incubated at 37 °C for 24 h. MBC was indicated 
as the lowest concentration that did not result in bacterial growth on the agar plates33.

Gene expression analysis
The expression levels of icaA, icaD, and eps genes in the MRSA strains treated with the plant extracts and MLAN 
were assessed by real-time quantitative reverse transcription PCR (RT-qPCR)34. Total RNA was extracted from 
the treated MRSA cells using an RNA extraction kit, and cDNA was synthesized using a reverse transcription 
kit. Relative gene expression was calculated using the 2^(-ΔΔCt) method, with the 16 S rRNA gene serving as an 
internal control. The primers used for each gene were specified and the sequences were provided. The primers 
used for each gene are listed in Table 1.

Statistical analysis
All experiments were performed in triplicate and the results were expressed as mean ± standard deviation. 
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test, with the significance 
level set at p < 0.05. The analysis was performed using the SPSS software (version 26).
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Results
Figure  1 schematically illustrates the synthesis process and the main results obtained in this study. The 
figure provides a comprehensive overview of the key aspects of our research, including MLAN production, 
characterization, antimicrobial efficacy against MRSA, and effects on virulence gene expression. This visual 
illustration highlights the enhanced antimicrobial activity of MLAN compared with that of the Mentha sp. 
aqueous extract and demonstrates the potential of this novel nanoformulation in combating MRSA infections.

Extract analysis
GC analysis of the essential oil of Mentha revealed a complex mixture of compounds, including 17 identified 
components (Table  2). The major components were phytol (23.4%), followed by hexadecanoic acid, methyl 
ester (14.5%) and hexadecanoic acid, ethyl ester (11.2%). Other notable compounds were 1-formylmorpholine, 
2-cyclohexen-1-one, 3-methyl-6-(1-methylethyl)- and γ-sitosterol.

Nanostructure characterization
To elucidate the structural and chemical properties of MLAN and free albumin nanoparticles, a comprehensive 
characterization was performed using TEM, FTIR and DLS.

TEM analysis
TEM images were used to determine the morphology and size distribution of the synthesized nanoparticles 
(Fig. 2). The MLANs exhibit a predominantly spherical morphology. While the original text stated a size mainly 
between 100 and 200 nm, visual inspection of Fig. 2A, particularly in relation to the 300 nm scale bar, reveals a 
wider size distribution. A significant number of particles appear smaller than 100 nm, and some are larger than 

Fig. 1.  A schematic representation of the synthesis process and highlights the key results obtained.

 

Gene Forward primer Reverse primer

icaA ​T​C​T​C​T​T​G​C​A​G​G​A​G​C​A​A​T​C​A​A ​T​C​A​G​G​C​A​C​T​A​A​C​A​T​C​C​A​G​C​A

icaD ​A​T​G​G​T​C​A​A​G​C​C​C​A​G​A​C​A​G​A​G ​C​G​T​G​T​T​T​T​C​A​A​C​A​T​T​T​A​A​T​G​C​A​A

eps ​C​A​A​T​C​A​A​T​G​C​C​A​C​A​A​A​C​T​G​C ​T​G​G​C​T​C​T​A​A​T​C​G​T​T​G​T​G​T​T​G

16 S rRNA ​T​G​G​A​G​C​A​T​G​T​G​G​T​T​T​A​A​T​T​C​G​A ​T​G​C​G​G​G​A​C​T​T​A​A​C​C​C​A​A​C​A

Table 1.  Primer sequences used for RT-qPCR analysis.
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Name Structure M.W

1-Formylmorpholin 115

2-Cyclohexen-1-one, 3-methyl-6-(1-methylethyl)- 152

Tetradecane 198

4-Decanone 156

1,2-Benzenedicarboxylic acid 166

Heliotropin PG acetal 208

Hexadecanoic acid, methyl ester 270

Hexadecanoic acid, ethyl ester 284

9,12,15-Octadecatrienoic acid, methyl ester, (Z, Z,Z)- 292

Phytol 297

Octadecenoic acid, methyl ester 294

9,12,15-Octadecatrienoic acid, ethyl ester, (Z, Z,Z)- 306

2-Propenoic acid, 3-(4-methoxyphenyl)-, 2-ethylhexyl ester 290

1,4,8-Dodecatriene, (E, E,E) 162

n-Ethyl-1,3-dithioisoindoline 211

Continued
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200 nm, even approaching 300 nm. Therefore, a more accurate description would be that the MLANs display 
a size range of approximately 50 nm to 300 nm. There is some degree of aggregation/clumping visible. The free 
albumin nanoparticles (Fig. 2B) also displayed a generally spherical shape although there was potentially slightly 
more irregularity compared to the MLANs. The size distribution is similarly broad, ranging from approximately 
50 nm to over 300 nm. These, like the nanoparticles in Fig. 2A, show some aggregation.

FTIR analysis
FTIR spectroscopy was employed to identify the functional groups present on the surface of both MLA) and 
free albumin nanoparticles. Figure 3 displays the FTIR spectra, revealing the characteristic vibrational modes of 
their chemical components.

The FTIR spectrum of MLAN (Red line) exhibits prominent peaks at specific wavenumbers, indicating 
distinct functional groups. The broad peak observed at 3421 cm− 1 is attributed to O-H stretching vibrations, 
typically associated with hydroxyl groups and water molecules. The peak at 2925  cm− 1 corresponds to C-H 
stretching vibrations, indicative of aliphatic chains present in both the protein and Mentha extract components. 
The strong peak at 1652 cm− 1 is assigned to amide I, primarily arising from the C = O stretching vibration of the 
peptide bond in the albumin protein. Another significant peak was observed at 1537 cm− 1, corresponding to 
amide II, which was mainly due to the N-H bending and C-N stretching vibrations of the peptide linkages in the 
proteins. Finally, the peak at 1385 cm− 1 is attributed to C-H bending vibrations, further supporting the presence 
of the protein and Mentha extract.

In contrast, the FTIR spectrum of the free albumin nanoparticles (Green line) shows similar characteristic 
peaks, including the O-H stretching, C-H stretching, amide I, and C-H bending vibrations. However, notably, the 
peak at 1537 cm− 1 (amide II) is considerably reduced or absent in the spectrum of the free albumin nanoparticles. 
This difference in the intensity of the amide II peak suggests a potential alteration in the secondary structure 
of the albumin protein in the MLAN, likely induced by the incorporation of the Mentha extract. The presence 
of all other major peaks in both spectra confirms that the fundamental protein structure is maintained, while 
the variation in the amide II region highlights the interaction between the Mentha extract and the albumin 
nanoparticles.

Fig. 2.  TEM images of the Mentha-loaded albumin nanoparticles (MLAN) (A) and free albumin nanoparticles 
(B).

 

Name Structure M.W

DL-alpha-Tocopherol 430

γ-Sitosterol 414

Table 2.  GC analysis of M. spicata essential oil.
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DLS analysis
Dynamic light scattering (DLS) was used to determine the hydrodynamic diameter of the nanoparticles in 
solution (Fig. 4). The results presented in Fig. 4; Table 3 show that both MLAN nanoparticles and free albumin 
nanoparticles exhibit a unimodal size distribution. The mean hydrodynamic diameters of MLAN and free 
albumin nanoparticles were determined to be 135.6 ± 5.3  nm and 128.2 ± 4.6  nm, respectively, showing a 
significant increase in diameter after encapsulation with Mentha extract. Overall, the combined use of TEM, 
FTIR and DLS to characterise MLAN nanoparticles and free albumin has established their morphology and size 

Fig. 4.  The DLS analysis of free albumin nanoparticles (A) and Mentha-loaded albumin nanoparticles 
(MLAN) (B).

 

Fig. 3.  FTIR spectrum of Mentha-loaded albumin nanoparticles (MLAN) (Red) and free albumin 
nanoparticles (Green).
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distribution as well as the presence of certain functional groups. These results shed light on the nanomaterials, 
the way they interact with each biological system and their usefulness as antimicrobial agents.

XRD results
The XRD analysis indicated that both the unloaded albumin nanoparticles and MLAN exhibited a crystalline 
structure (Fig. 5). The positions of the major peaks in both patterns are largely similar. This suggests that the 
underlying crystalline structure of the albumin nanoparticles is maintained after loading with the Mentha sp. 
extract. There appears to be a slight decrease in the intensity of the peaks in the Mentha sp. Extract-Loaded 
Albumin Nanoparticles compared to the unloaded Albumin Nanoparticles. There is a subtle suggestion of peak 
broadening in the Mentha sp. Extract-Loaded Albumin Nanoparticles pattern.

Determination of encapsulation efficiency and loading capacity
The EE% and LC% were calculated using the provided equations, with the total amount of Mentha extract used 
in the preparation of MLAN set at 200 mg. After centrifugation and analysis, it was determined that 160 mg 
of the Mentha extract was successfully encapsulated within the albumin nanoparticles, while 40 mg remained 
unencapsulated in the supernatant. The total weight of the nanoparticles obtained after encapsulation was 
measured to be 220 mg.

Using these values, the encapsulation efficiency and loading capacity were calculated as follows:
EE% = 200 mg − 40 mg/200 mg × 100 = 80%
LC% = 200 mg − 40 mg/220 mg × 100 = 72.73%
These results indicate that the encapsulation process was highly effective, with an encapsulation efficiency of 

80%, demonstrating that a significant portion of the Mentha extract was successfully loaded into the albumin 
nanoparticles. The loading capacity of 72.73% confirms that a substantial amount of the Mentha extract 
constitutes the total weight of the MLAN, suggesting a high potential for the delivery of the bioactive compounds 
from the Mentha extract. These findings underscore the success of the encapsulation methodology employed in 
the synthesis of MLAN.

Cell toxicity
Cell viability was assessed using the MTT assay. The absorbance was measured at 570 nm using a microplate 
reader (BioTek Synergy HTX, USA). Cell viability was calculated as a percentage relative to the untreated control 
group. The results are presented in Table  4. The results demonstrate a concentration-dependent decrease in 
the cell viability for all test samples. However, MLAN and free albumin nanoparticle exhibited significantly 
higher cell viability compared with the Mentha leaf extract at all tested concentrations (p < 0.05). At the highest 
concentration of 250 µg/mL, the Mentha leaf extract showed the lowest cell viability of 72.3 ± 4.1%, while MLAN 
and free albumin nanoparticle maintained higher cell viability of 85.1 ± 3.5% and 88.4 ± 3.7%, respectively. The 
improved biocompatibility of MLAN can be attributed to the encapsulation of the Mentha sp. extract within 
the albumin nanoparticles. This encapsulation likely reduces the direct exposure of cells to the potentially 
cytotoxic components of the extract, while still allowing for the controlled release of the bioactive compound. 
The high biocompatibility of the free albumin nanoparticles further supports the safety profile of the albumin 
nanoparticle carrier system.

To quantify the cytoprotective effect of nanoencapsulation, we calculated the cell viability index (CVI) at the 
highest concentration (250 µg/mL):

CVI = (Cell viability of MLAN/Cell viability ofMenthaleaves extract) × 100
CVI = (85.1 / 72.3) × 100 = 117.7%
This indicates that MLAN improved cell viability by 17.7% compared with the free extract at the highest 

tested concentration.
These findings suggest that the encapsulation of the Mentha sp. leaf extract in albumin nanoparticles 

significantly enhanced the biocompatibility of the extract toward HFF cells. This improved safety profile, 
combined with the enhanced antimicrobial efficacy observed in previous sections, underscores the potential of 
MLAN as a promising therapeutic approach for MRSA infections, offering both improved efficacy and reduced 
cytotoxicity compared with the free extract.

Antimicrobial activity
The antimicrobial efficacy of the aqueous extract of Mentha sp. leaves and MLAN against the MRSA strain was 
assessed using two complementary methods: agar well diffusion and broth microdilution. The results of agar 
well diffusion are summarized in Table 5. Both the Mentha sp. leaf extract and MLAN exhibited concentration-
dependent antimicrobial activity against MRSA. However, MLAN demonstrated significantly larger zones of 
inhibition compared with the leaf extract at all tested concentrations (p < 0.05). At the highest concentration 

Sample Mean particle size (nm)

Mentha-loaded albumin nanoparticles (MLAN) 135.6 ± 5.3

Free albumin nanoparticles 128.2 ± 4.6

Table 3.  Mean particle size of the mentha-loaded albumin nanoparticles (MLAN) and free albumin 
nanoparticles.
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(2.0 mg/mL), MLAN produced a zone of inhibition 23.6% larger than that of the leaf extract (22.5 ± 1.8 mm vs. 
18.2 ± 1.3 mm, p < 0.01).

The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of Mentha 
sp. leaf extract and MLAN against MRSA were determined using the broth microdilution method. The results, 
presented in Table 6, were statistically analyzed using a one-way ANOVA followed by Tukey’s post hoc test to 
determine significant differences between the treatments. As shown in Table 6, MLAN exhibited significantly 
lower MIC and MBC values compared with the Mentha sp. leaf extract (p < 0.05). The MIC of MLAN (0.39 mg/
mL) was half that of the leaf extract (0.78 mg/mL), and this difference was statistically significant. Similarly, 
the MBC of MLAN (0.78 mg/mL) was 50% lower than that of the leaf extract (1.56 mg/mL), which was also 

Fig. 5.  XRD pattern of free albumin nanoparticles (A) and Mentha-loaded albumin nanoparticles (MLAN) 
(B).
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a statistically significant reduction. To quantify the enhancement in antimicrobial efficacy, we calculated the 
activity index (AI) for MLAN:

AI = (MIC of Mentha leaves extract/MIC of MLAN)
AI = 0.78/0.39 = 2
This indicates that MLAN is twice as effective as the free extract in inhibiting MRSA growth. The statistical 

significance of the reduced MIC and MBC values confirms that this enhanced activity is not due to random 
variation.

Expression of IcaA, IcaD, and Eps genes in MRSA
To elucidate the molecular mechanisms underlying the antimicrobial effects of aqueous Mentha extract and 
MLAN against MRSA, the expression levels of the key virulence genes icaA, icaD, and eps were meticulously 
assessed using RT-qPCR. These genes play pivotal roles in biofilm formation and cell wall synthesis, making them 
critical targets for evaluating the impact of therapeutic interventions on MRSA virulence. The RT-qPCR results, 
as presented in Table 7, demonstrate a marked reduction in the expression of icaA, icaD, and eps genes in MRSA 
cells following treatment with MLAN, compared with untreated control cells and those treated with the aqueous 
extract (p < 0.05). Both the aqueous extract and MLAN treatments resulted in significant downregulation of 

Gene Untreated MRSA Aqueous extract MLAN

icaA 1.00 ± 0.06 0.75 ± 0.04* 0.38 ± 0.02**

icaD 1.00 ± 0.07 0.82 ± 0.05* 0.31 ± 0.03**

eps 1.00 ± 0.08 0.89 ± 0.06* 0.48 ± 0.04**

Table 7.  Effect of the aqueous extract and MLAN on the expression of IcaA, IcaD, and Eps genes in MRSA. 
Values are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01 compared with untreated MRSA.

 

Sample MIC (mg/mL) MBC (mg/mL)

Mentha sp. leaves extract 0.78 ± 0.02 a 1.56 ± 0.09 a

Mentha-loaded albumin nanoparticles (MLAN) 0.39 ± 0.03 b 0.78 ± 0.05 b

p value 0.034 0.021

Table 6.  MIC and MBC of Mentha Sp. leaf extract and MLAN against MRSA. Values are presented as 
mean ± standard deviation (n = 3). Different letters (a, b) within a column indicate statistically significant 
differences (p < 0.05) as determined by one-way ANOVA followed by Tukey’s post hoc test.

 

Concentration (mg/mL) Mentha leaf extract (mm) MLAN (mm)

0.25 12.3 ± 1.1 15.8 ± 1.4*

0.5 14.7 ± 1.2 18.5 ± 1.6*

1.0 16.9 ± 1.5 21.2 ± 1.9**

2.0 18.2 ± 1.3 22.5 ± 1.8**

Table 5.  Zones of inhibition for Mentha Sp. leaf extract and MLAN against MRSA. Values are expressed 
as mean ± standard deviation (n = 3). *p < 0.05, **p < 0.01 compared with Mentha leaf extract at the same 
concentration.

 

Concentration (µg/mL) Mentha leaf extract MLAN Free albumin nanoparticles

0 (Control) 100.0 ± 2.1 100.0 ± 1.8 100.0 ± 2.5

10 97.2 ± 3.4 98.6 ± 2.2 99.1 ± 1.9

25 92.8 ± 2.9 96.3 ± 2.6 97.7 ± 2.1

50 88.1 ± 3.2 94.5 ± 3.1 95.2 ± 2.8

100 81.5 ± 3.7 90.8 ± 2.9 92.6 ± 3.2

250 72.3 ± 4.1* 85.1 ± 3.5** 88.4 ± 3.7**

Table 4.  Cell viability (%) of HFF cells treated with different concentrations of test samples for 24 h. Values are 
expressed as mean ± standard deviation (n = 3). *p < 0.05, **p < 0.01 compared with Mentha leaf extract at the 
same concentration.
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icaA, icaD, and eps genes compared with the untreated control (p < 0.05). However, MLAN demonstrated a more 
pronounced effect:

icaA expression: MLAN treatment resulted in a 62% reduction (p < 0.01), while the aqueous extract showed 
a 25% reduction (p < 0.05).

icaD expression: MLAN induced a 69% decrease (p < 0.01), compared to an 18% reduction by the aqueous 
extract (p < 0.05).

eps expression: MLAN caused a 52% downregulation (p < 0.01), while the aqueous extract led to a 11% 
reduction (p < 0.05).

The enhanced gene suppression effect of MLAN could be attributed to the improved cellular uptake and 
sustained release of bioactive compounds from the nanoparticles. The downregulation of these genes suggests 
that both the aqueous extract and MLAN may interfere with the biofilm formation and host cell adhesion 
mechanisms in MRSA, with MLAN showing superior efficacy. These findings align with our antimicrobial 
activity results, where MLAN exhibited lower MIC and MBC values compared with the aqueous extract. The 
gene expression data provide insight into potential mechanisms of action, suggesting that the anti-MRSA activity 
of the Mentha sp. extract and MLAN may be partly mediated through the suppression of key virulence genes.

Discussion
The MLAN and free albumin nanoparticles were successfully prepared and characterized using SEM, FTIR and 
DLS techniques. The TEM images showed that both types of nanoparticles had a spherical shape. The size of 
the nanoparticles is one of the most important parameters for their biological applications35. Xu et al. suggested 
that nanoparticles with sizes between 100 and 200 nm tend to accumulate at tumor sites and exhibit high drug 
retention rates36. Similarly, Jong et al. defined nanoparticles as having dimensions less than 100 nm. However, 
particles larger than 100 nm may be necessary to load a sufficient amount of medication37. On the other hand, 
increasing the nanoparticle size can lead to decreased cell penetration. The synthesized nanoparticles with 
hydrodynamic sizes ranging from 100 to 300 nm are well suited for drug delivery applications. This size range is 
ideal because nanoparticles smaller than 100 nm are rapidly cleared from circulation by the reticuloendothelial 
system, whereas those larger than 500  nm are often not taken up by cells38. This technology combines 
biocompatible proteins with pharmaceuticals to create nanoparticles (100–200 nm) that address the solubility 
issues associated with various drugs39,40. Overall, the size of the synthesized nanoparticles in this study appears 
to be relatively suitable based on existing research.

The MLANs had a spherical shape, which is a desirable morphology for nanoparticles. Spherical nanoparticles 
tend to disperse uniformly and are more easily taken up by the cells. The nanoparticles were uniformly distributed, 
indicating a consistent synthesis process and ensuring predictable behavior in future experiments41–43. These 
results indicate that the synthesis of MLAN was successful and that the nanoparticles have the desired properties 
for potential use as carriers for antimicrobial agents. The size, shape and uniform distribution observed in the 
TEM images support the further investigation of MLAN as a promising agent in the fight against antibiotic-
resistant bacteria such as S. aureus. FTIR analysis confirmed the successful loading of the albumin nanoparticles 
with the Mentha extract, as evidenced by the presence of a peak at 1537 cm1 in the FTIR spectrum of the MLAN, 
corresponding to the amide II band of the Mentha extract. The absence of this peak in the FTIR spectrum of the 
free albumin nanoparticles confirms the absence of the Mentha extract in these nanoparticles.

The FTIR spectra provide valuable insights into the molecular composition and structural characteristics of 
these nanoformulations. Comparing the MLAN spectrum to that of the free albumin nanoparticles, we observed 
a high degree of similarity in the presence of peaks corresponding to O-H stretching (around 3421 cm− 1), C-H 
stretching (2925 cm− 1), amide I (1652 cm− 1), and C-H bending (1385 cm− 1). This similarity confirms that the 
fundamental protein structure of the albumin nanoparticles is maintained even in the MLAN formulation. 
However, a crucial difference emerges in the region of the amide II peak (1537 cm− 1). In the spectrum of free 
albumin nanoparticles, this peak is significantly reduced in intensity or almost absent. This notable difference 
in the amide II peak intensity suggests a potential alteration in the secondary structure of the albumin protein 
upon encapsulation of the Mentha extract. The amide II band’s sensitivity to protein conformation indicates 
that the incorporation of Mentha extract might induce conformational changes in the albumin protein within 
MLAN. This could be due to the interactions between the components of the Mentha extract and the albumin, 
leading to subtle shifts in the protein’s secondary structure. While the fundamental protein structure remains, 
as evidenced by the consistent presence of other major peaks, the change in the amide II region highlights 
a specific interaction and structural modulation induced by the Mentha extract. In conclusion, the FTIR 
analysis confirmed the presence of the key functional groups characteristic of both the albumin protein and the 
components of the Mentha extract within the MLAN formulation. The presence of amide I and amide II bands 
clearly indicates the protein nature of both types of nanoparticles. The significant difference observed in the 
intensity of the amide II peak between MLAN and free albumin nanoparticles suggests that the incorporation 
of Mentha extract leads to a subtle alteration in the secondary structure of the albumin protein, potentially due 
to interactions between the extract components and the protein matrix. These FTIR data, along with the labeled 
peaks in Fig. 3, provide valuable insights into the composition and structural properties of MLAN and support 
the successful encapsulation of the Mentha extract within the albumin nanoparticles.

DLS analysis revealed that the mean particle size of the MLAN was slightly larger than that of the free albumin 
nanoparticles, which is consistent with the presence of Mentha extract on the surface of the nanoparticles. 
However, both types of nanoparticles exhibited a narrow size distribution, indicating a homogeneous particle 
size population. The particle size of the nanoparticles is an important parameter influencing their cellular uptake, 
biodistribution and excretion from the body44. Nanoparticles with a size of 100–200 nm are generally preferred 
for drug delivery because they can effectively accumulate in tumors via the effect of enhanced permeability and 
retention (EPR)45,46.
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Based on the XRD pattern, the loading of the Mentha sp. extract appears to have a minor effect on the 
crystallinity of the albumin nanoparticles, possibly due to the incorporation of the amorphous extract, a slight 
reduction in the crystallite size, or the introduction of strain. The maintenance of the major crystalline peaks 
suggests that the core structure of the albumin nanoparticle remains preserved after loading. The similarity in 
the peak positions indicates that the loading of the Mentha sp. extract did not significantly alter the crystal lattice 
of the albumin nanoparticles. The core crystalline structure of the albumin remains intact. The slight decrease in 
peak intensity and possible peak broadening in the loaded nanoparticles could be attributed to several factors:

Incorporation of the amorphous material: The Mentha sp. extract may be present in an amorphous state 
within or on the surface of the albumin nanoparticles. The presence of an amorphous component can reduce the 
overall crystallinity and thus decrease the intensity of the crystalline peaks.

Changes in Crystallite Size: The loading process might have slightly reduced the average crystallite size of the 
albumin nanoparticles. Smaller crystallite sizes can lead to broader and less intense peaks due to the Scherrer 
effect.

Strain Introduction: The incorporation of the extract could have introduced some strain within the crystal 
lattice, which can also contribute to peak broadening and reduced intensity.

Thus, the MLAN and free albumin nanoparticles were successfully prepared and characterized using SEM, 
FTIR, DLS, and XRD techniques. In this study, the cytotoxicity of Mentha leaf extract, MLAN, and free albumin 
nanoparticles on HFF cells was investigated using the MTT assay. The results showed that the cell viability of 
HFF cells decreased with increasing concentration of all test samples. However, the nanoparticles of MLAN and 
free albumin exhibited significantly higher cell viability than the Mentha leaf extract at all concentrations tested 
(p < 0.05). The Mentha leaf extract showed the lowest cell viability of 72.3 ± 4.1% at the highest concentration 
of 250 µg/mL, while the MLAN and free albumin nanoparticles maintained a cell viability of 85.1 ± 3.5% and 
88.4 ± 3.7%, respectively. These results indicate that the encapsulation of the Mentha leaf extract in albumin 
nanoparticles significantly improved the biocompatibility and reduced the cytotoxicity of the extract toward 
HFF cells. The observed decrease in cell viability with increasing concentration of Mentha leaf extract could be 
due to the presence of various phytochemicals, including phenolic acids, flavonoids and essential oils, which 
have been reported to have a cytotoxic effect on various cell lines47–50. However, the encapsulation of the extract 
in albumin nanoparticles may have protected the cells from direct exposure to these phytochemicals, thereby 
reducing their cytotoxicity50. Albumin nanoparticles have been widely explored as drug delivery systems 
because of their biocompatibility, biodegradability, and non-immunogenic properties51–53. The results of the 
present study demonstrate the potential of albumin nanoparticles as a delivery system for Mentha leaf extract, 
which could improve its stability, bioavailability, and therapeutic efficacy. In conclusion, the MLAN and free 
albumin nanoparticles exhibited significantly higher cell viability compared to the Mentha leaf extract at all 
tested concentrations, suggesting that the encapsulation of the Mentha leaf extract in albumin nanoparticles 
significantly improved the biocompatibility and reduced the cytotoxicity of the extract toward HFF cells. Further 
studies are required to evaluate the efficacy of MLAN as a potential therapeutic agent. The results of this study 
demonstrate the enhanced antimicrobial potential of the MLAN compared with the aqueous extract of Mentha 
leaves against MSRA. The agar well diffusion assay revealed that the MLAN exhibited significantly larger zones of 
inhibition against the resistant S. aureus strain compared with the Mentha leaf extract at all tested concentrations. 
This observation suggests that the nanoparticle formulation was more effective in inhibiting the growth of the 
resistant bacterial strain. The improved antimicrobial activity of the MLAN can be attributed to the unique 
properties of the nanoparticle platform. The nanoparticle size and increased surface area-to-volume ratio may 
have facilitated better penetration and interaction of the active antimicrobial compounds from the Mentha leaf 
extract with the bacterial cell membrane. This enhanced interaction could have led to a more effective disruption 
of cellular processes and ultimately, increased bacterial cell death54–56. Furthermore, the nanoparticle carrier 
may have provided a sustained and controlled release of the antimicrobial agents, prolonging their contact with 
the resistant S. aureus strain and enhancing the overall antimicrobial efficacy57. The nanoparticle formulation 
could have also improved the bioavailability and targeted delivery of the active compounds, contributing to the 
superior antimicrobial performance compared to the crude Mentha leaf extract58,59. The minimum inhibitory 
concentration (MIC) and minimum bactericidal concentration (MBC) results further support the enhanced 
antimicrobial potency of the MLAN. The MLAN exhibited lower MIC and MBC values compared with the 
Mentha leaf extract, indicating that a lower concentration of the nanoparticles was required to inhibit bacterial 
growth and achieve bactericidal effects against the resistant S. aureus strain. The lower MIC and MBC values of 
the MLAN suggest that they can be more effective in managing resistant bacterial infections, as they require a 
lower dose to achieve the desired antimicrobial activity. This could reduce the therapeutic dose and minimize 
the risk of side effects associated with higher drug concentrations. The statistical analysis further confirmed the 
significant differences (p < 0.05) in the antimicrobial activities of the Mentha leaf extract and the MLAN at all 
tested concentrations. This indicates that the nanoparticle formulation provided a substantial improvement in 
the antimicrobial efficacy against the resistant S. aureus strain compared with the crude plant extract.

The improved antimicrobial activity of MLAN can be attributed to several factors:
Enhanced cellular uptake: Nanoencapsulation may facilitate better penetration of the active compounds into 

bacterial cells.
Sustained release: The albumin nanoparticle matrix likely provides a controlled release of the bioactive 

components, maintaining effective concentrations over time.
Synergistic effects: The combination of the Mentha sp. extract with albumin nanoparticles may result in 

synergistic antimicrobial activity.
These findings demonstrate that MLAN significantly enhances the antimicrobial efficacy of the Mentha sp. 

extract against MRSA, as confirmed by statistical analysis. The significantly lower MIC and MBC values (p < 0.05) 
suggest that MLAN could be a more potent and effective treatment option for MRSA infections compared 
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with the free extract. This enhanced antimicrobial activity, combined with the improved biocompatibility (as 
discussed in previous sections – you would have already presented your cytotoxicity data), underscores the 
potential of MLAN as a promising therapeutic approach for combating MRSA infections.

The results presented in this study demonstrate that both the aqueous extract and the MLAN can modulate 
the expression of key genes involved in the virulence and biofilm formation of S. aureus cells. The icaA and icaD 
genes are known to be essential for the production of the polysaccharide intercellular adhesin (PIA), a critical 
component of the MRSA biofilm matrix60. The eps gene, on the other hand, encodes the extracellular binding 
protein, which plays a role in the initial attachment of S. aureus cells to host tissues and medical devices61. The 
downregulation of these genes is therefore an important mechanism by which the aqueous extract and MLAN 
can inhibit biofilm formation and reduce its virulence. The data presented in Table  2 show that the MLAN 
was significantly more effective in reducing the expression of the icaA, icaD, and eps genes compared with the 
aqueous extract. The MLAN reduced the expression of icaA, icaD, and eps by 62%, 69%, and 52%, respectively, 
while the aqueous extract reduced their expression by only 25%, 18%, and 11%, respectively. The stronger 
inhibitory effect of the MLAN on the expression of these genes suggests that the active compounds present in 
the MLAN may have a more potent mechanism of action compared with the aqueous extract. This could be 
due to the selective enrichment or concentration of specific bioactive molecules during the MLAN preparation 
process, which may have enhanced their ability to interfere with the transcriptional regulation of the icaA, icaD, 
and eps genes. The significant (p < 0.05) reduction in the expression of these genes by the MLAN is particularly 
noteworthy, as it indicates that this compound may be a promising candidate for the development of novel anti-
virulence and anti-biofilm strategies against S. aureus. By targeting the key genes involved in biofilm formation 
and attachment, the MLAN could disrupt the ability of MRSA to establish persistent infections and evade 
host immune responses or antimicrobial therapies. The results presented in this study are consistent with the 
findings from other research, highlighting the potential of Mentha extracts in overcoming antibiotic resistance 
in S. aureus62–64. The MLAN demonstrated comparable or superior antibacterial properties compared to other 
Mentha-containing systems, such as chitosan nanoparticles, SLNs, and PLGA nanoparticles14,65,66. Albumin as 
a carrier material offers several advantages, including biocompatibility, non-immunogenicity, and the ability to 
encapsulate various drugs. This might contribute to the improved performance of MLAN, as it allows for targeted 
drug delivery and potentially enhanced the stability of the active compound. The higher MIC value observed 
in this study might be due to the slow release of Mentha components from the albumin matrix, allowing for a 
sustained effect on bacterial growth. Direct comparisons may show that MLANs provide more controlled release 
or improved stability, contributing to their effective MIC and MBC values against MSRA. Ashrafi et al. reported 
the use of chitosan nanoparticles loaded with Mentha piperita essential oil against antibiotic-resistant S. mutans. 
They found an MBC of 1.2 mg/ml and a MIC of 0.6 mg/ml67. Although the MBC values are comparable, the 
MLAN in this study exhibited a lower MIC and MBC, suggesting a slightly faster onset of action while still 
maintaining effective inhibition. Muntean et al. acquired similar data using free essential oil obtained from 
Mentha against multidrug-resistant strains68. In this study, the menthol-loaded albumin nanoparticles showed 
a stronger bactericidal effect (lower MBC) and a lower inhibitory effect (slightly lower MIC) compared with 
the menthol-loaded SLNs69. In another study by Romero-Montero et al., biopolymer nanoparticles loaded with 
essential oils were used to control microbes and biofilms70. In comparison, the MLAN showed a slightly better 
bactericidal effect (lower MBC) and a similar inhibitory effect (slightly lower MIC). Nanoparticle-based delivery 
systems for antibacterial agents, including metal nanoparticles, liposomes, and polymeric nanoparticles, have 
been extensively studied. The efficacy of these systems often depends on their ability to target bacteria, release 
the antibacterial agent in a controlled manner, and overcome bacterial resistance mechanisms71–74. The reported 
MIC and MBC values for MLANs suggest competitive or superior antibacterial activity compared to certain 
nanoparticle formulations, especially considering the challenging aspect of antibiotic resistance in MSRA. The 
increase in antibiotic-resistant strains of S. aureus, including MRSA, has rendered many conventional antibiotics 
ineffective. The efficacy of MLANs against such strains is of particular interest as the reported MIC and MBC 
values indicate strong antibacterial activity. Compared with conventional antibiotics, MLANs may offer an 
alternative mechanism of action that could reduce the likelihood of resistance development. The mechanism 
by which MLANs exert their antibacterial effect could also provide new insights compared to other studies. 
Mentha extracts disrupt bacterial cell membranes, but encapsulation in albumin nanoparticles could enhance 
this activity or allow better penetration into bacterial cells. This mode of action, which is in contrast to that of 
antibiotics that target specific bacterial processes, could partly explain the efficacy of MLANs against antibiotic-
resistant strains.

Conclusion
This study has successfully demonstrated the significant potential of MLAN as an improved antimicrobial agent 
against methicillin-resistant S. aureus (MRSA). Our main results show that encapsulation of Mentha sp. extract 
in albumin nanoparticles not only retains its bioactive properties but also significantly improves its therapeutic 
efficacy and biocompatibility. Specifically, MLAN showed a 2-fold improvement in antimicrobial activity against 
MRSA, as evidenced by halved MIC and MBC values compared to the free extract, as well as a significant 
improvement in biocompatibility with a 17.7% increase in cell viability at the highest concentration tested. In 
addition, MLAN showed superior efficacy in downregulating key MRSA virulence genes (icaA, icaD and ebps), 
suggesting an effective mechanism to reduce bacterial pathogenicity. These results highlight the effectiveness of 
the nanoparticle platform in expanding the therapeutic potential of natural antimicrobial compounds and pave 
the way for improved treatments of resistant bacterial infections. Future research should focus on elucidating 
the precise molecular mechanisms by which MLAN exerts its gene regulatory and antimicrobial effects, 
particularly with regard to the specific bioactive compounds responsible. Validation of these promising in vitro 
results through in vivo efficacy and comprehensive biocompatibility studies is crucial to confirm the clinical 
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applicability of MLAN. In addition, the optimization of the nanoparticle formulation and the development of 
scalable production methods are essential steps to translate this innovative approach into a commercially viable 
therapeutic solution. The investigation of the specific bioactive compounds in MLAN will also be important for 
the development of even more targeted and effective anti-MRSA therapies. Ultimately, this study underlines the 
compelling potential of combining plant-based antimicrobial agents with nanotechnology to develop new and 
effective strategies in the fight against antibiotic-resistant pathogens such as MRSA.

Data availability
All data generated or analyzed during this study are included in this published article.
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