
O R I G I N A L  R E S E A R C H

Nanostructured Lipid Carriers Co-Loaded with 
Doxycycline, Gentamicin, and Thymol for 
Enhanced Intracellular Antibacterial Activity 
Against Brucella melitensis
Narjes Morovati Moez1, Mohammad Reza Arabestani1, Mohammad Taheri 1, Pezhman Karami1, 
Mohammad Yousef Alikhani 1, Sima Kazemi2, Seyed Mostafa Hosseini 1,2

1Department of Microbiology, School of Medicine, Hamadan University of Medical Sciences, Hamadan, Iran; 2Infectious Disease Research Center, 
Avicenna Institute of Clinical Sciences, Hamadan University of Medical Sciences, Hamadan, Iran

Correspondence: Seyed Mostafa Hosseini, Infectious Disease Research Center, Avicenna Institute of Clinical Sciences, Hamadan University of Medical 
Sciences, Hamadan, Iran, Email smhoseiny88@yahoo.com

Background: Brucellosis is a zoonotic infection caused by Brucella spp. which persist within macrophages and complicate treatment. 
This study developed nanostructured lipid carriers (NLCs) co-loaded with doxycycline, gentamicin, and thymol to enhance intracel
lular delivery and antibacterial activity against Brucella melitensis.
Methods: Drug-loaded NLCs were prepared using high-shear homogenization followed by sonication. The formulations were 
characterized in terms of particle size, polydispersity index (PDI), zeta potential, morphology by FE-SEM, encapsulation efficiency, 
and in vitro drug release profile. Cytotoxicity was assessed using the MTT assay on J774A.1 macrophage. Antibacterial activity and 
intracellular efficacy against Brucella melitensis were evaluated using microbiological and cell-based assays.
Results: The optimized formulation showed a size of 398 ± 30 nm, PDI 0.35, and zeta potential −17.5 mV, with 97% encapsulation 
efficiency and stable morphology over nine months. The system exhibited sustained release up to 95% at 80 h, in contrast to rapid 
diffusion from free drugs. Intracellular studies showed that Gen–Dox–Thy@NLC achieved a 3.4-log reduction in bacterial load, 
demonstrating significantly higher efficacy (~1.6-log greater reduction) compared with free drugs (p < 0.05), while maintaining 
macrophage viability above 85%.
Conclusion: The co-loaded NLC formulation provided controlled drug release, improved intracellular delivery, and enhanced 
antibacterial activity against Brucella melitensis. These findings suggest that Gen–Dox–Thy@NLC may serve as a promising 
candidate for brucellosis treatment and warrants further in vivo studies.
Keywords: Brucella melitensis, nanostructured lipid carriers, doxycycline, gentamicin, thymol

Introduction
Brucella species are small, Gram-negative coccobacilli that are non-spore-forming, non-capsulated, and non-motile. 
Among the known Brucella species, at least four Brucella melitensis, B. abortus, B. suis, and B. canis are recognized as 
causes of human brucellosis.1 Brucellosis is a zoonotic infection, primarily transmitted via direct contact with infected 
animals or through the ingestion of contaminated animal products, particularly unpasteurized dairy.2,3 Clinically, the 
disease exhibits a wide range of manifestations, from asymptomatic carriage to acute, subacute, and chronic forms. The 
systemic nature of the infection allows it to involve multiple organs and tissues, producing nonspecific symptoms such as 
fever, fatigue, musculoskeletal pain, headache, night sweats, and weight loss. Among the complications, arthritis is one 
of the most frequently reported.4,5

A central challenge in managing brucellosis is the intracellular survival of Brucella. Upon entering the host, most 
bacteria are rapidly eliminated by neutrophils, monocytes, and macrophages. However, some bacteria persist within 
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macrophages, where they form a replicative niche in specialized vacuoles derived from the endoplasmic reticulum (ER). 
These Brucella-containing vacuoles (BCVs) evade lysosomal degradation and provide a protected environment for 
bacterial replication. Continuous interactions with the ER enable the bacteria to proliferate while remaining shielded 
from host immune defenses, including antibodies, complement, and cytotoxic responses.6,7 This intracellular localization 
also limits the efficacy of many antibiotics, which, although effective in vitro, often fail to reach therapeutic concentra
tions inside host cells. Consequently, intracellular persistence contributes to chronic infection, relapse, and treatment 
failure, which may occur in 5–30% of patients depending on treatment regimen, duration, and adherence. Immune 
responses against Brucella are highly variable, influenced by both host factors and bacterial strain, adding further 
complexity to disease management.7,8

Conventional treatment strategies typically employ combinations of doxycycline, aminoglycosides, rifampin, quino
lones, or sulfonamides.9 Combination regimens, such as doxycycline with aminoglycosides or rifampin, generally 
improve clinical outcomes but are associated with several limitations. The intracellular concentrations of these agents 
are often suboptimal due to limited cellular uptake, enzymatic degradation, pH sensitivity, and compartmental sequestra
tion. Doxycycline readily penetrates host cells but mainly exhibits bacteriostatic activity; therefore, effective control of 
intracellular Brucella typically requires combination therapy with bactericidal agents such as aminoglycosides. 
Nevertheless, aminoglycosides carry risks of nephrotoxicity, while doxycycline and rifampin may produce hepatotoxicity 
and other systemic adverse effects. Treatments are prolonged, often lasting six weeks or more, which can reduce patient 
adherence and increase relapse risk.9,10 Despite decades of clinical experience, no existing antibiotic regimen consistently 
achieves complete elimination of intracellular Brucella, highlighting the urgent need for innovative approaches.

To overcome these challenges, targeted drug delivery systems may provide an effective solution. Therefore, novel 
strategies have been developed to address the chronic and recurrent nature of brucellosis treatment.9 Among the most 
promising and innovative approaches are antibiotic-loaded nanocarriers. The development of nanoscale drug delivery 
systems has enabled the achievement of unique physicochemical properties, leading to improved therapeutic performance 
and enhanced formulation versatility. Precise formulation of these nanoparticles increases their stability, accelerates 
dissolution, and improves bioavailability, ultimately resulting in faster therapeutic onset and enhanced biological 
efficacy.11,12

Studies have shown that discovering new drugs alone does not guarantee effective pharmacotherapy. Many novel 
drug candidates still face major challenges due to poor water solubility and limited bioavailability. Therefore, designing 
advanced drug delivery systems that can address these issues has become increasingly important. These delivery 
platforms should be biocompatible, exhibit adequate drug-loading efficiency, and enable targeted as well as controlled 
release of therapeutic agents.13–16 Lipid-based nanoparticles have been extensively investigated as efficient carrier 
systems for various pharmaceutical applications. Numerous drugs with diverse therapeutic indications have been 
successfully incorporated into nanostructured lipid carriers (NLCs). These delivery systems not only enable controlled 
drug release but also enhance the chemical stability of the encapsulated antibiotics.17

NLCs offer several remarkable advantages, including protection of drugs from chemical and enzymatic degradation, 
excellent physical stability, the ability to encapsulate both hydrophilic and hydrophobic compounds, and facile produc
tion at both laboratory and industrial scales without the use of organic solvents. Furthermore, they are capable of 
simultaneously delivering multiple active agents, increasing drug-loading efficiency, and exhibiting small particle size 
with the ability to be administered through multiple routes. Their biodegradability and biocompatibility, improved 
bioavailability, effective penetration through biological barriers, and reduced dosing frequency make them highly 
advantageous.18,19

Beyond traditional antibiotics, plant-derived compounds have emerged as promising complementary antimicrobial 
agents. Thymol, a key component of several essential oils, possesses lipophilic characteristics that enable its integration 
into bacterial membranes, where it interferes with electron transport, proton motive force, protein synthesis, and cell wall 
stability. These disruptions can potentiate the effects of conventional antibiotics especially hydrophobic ones by 
enhancing their cellular uptake and helping to bypass bacterial defense mechanisms. Consequently, encapsulating thymol 
within nanocarriers may provide synergistic advantages in eliminating intracellular bacterial infections.20 In addition to 
its intrinsic antimicrobial activity, thymol has been reported to disrupt bacterial cell membranes, increase membrane 
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permeability, and enhance the activity of several conventional antibiotics against both Gram-positive and Gram-negative 
bacteria (Marchese et al, 2016; Sharifi-Rad et al, 2018). Such effects may be particularly valuable in intracellular 
infections, where limited antibiotic penetration and bacterial persistence contribute to therapeutic failure. Therefore, 
combining thymol with doxycycline and gentamicin within a single nanocarrier may provide complementary mechan
isms of action that improve intracellular antibacterial efficacy against Brucella melitensis.21

Although several nanoparticle-based delivery systems have previously been explored for improving the therapeutic 
efficacy of anti-Brucella agents, most studies have focused on single-drug formulations or conventional antibiotic 
combinations. Furthermore, the incorporation of natural antimicrobial compounds with potential synergistic activity 
has received limited attention in the context of intracellular brucellosis. To the best of our knowledge, no previous study 
has evaluated the co-encapsulation of doxycycline, gentamicin, and thymol within a single nanostructured lipid carrier 
platform for enhanced intracellular delivery against Brucella melitensis. Therefore, the present study was designed to 
investigate whether this triple-drug NLC formulation could improve intracellular antibacterial activity while maintaining 
acceptable physicochemical characteristics and cellular compatibility.22,23

Doxycycline was selected as a core component of the formulation because it is one of the most widely used first-line 
agents in brucellosis therapy and exhibits good intracellular penetration. Gentamicin was included due to its potent 
bactericidal activity and its established use in combination regimens for severe or complicated brucellosis. Thymol was 
incorporated as a natural bioactive compound with documented antimicrobial activity, with the aim of enhancing 
antibacterial efficacy and potentially supporting the action of conventional antibiotics within the NLC platform. 
Considering the limitations of current treatments such as low intracellular antibiotic levels, bacterial persistence in 
macrophages, and frequent relapses there is a pressing need for improved therapeutic strategies. In this study, nanos
tructured lipid carriers co-loaded with doxycycline, gentamicin, and thymol were evaluated for their antibacterial effects 
against Brucella melitensis in vitro, aiming to enhance intracellular delivery and therapeutic efficacy while reducing 
treatment duration and relapse risk.

Materials and Methods
Materials
Oleic acid (Sigma-Aldrich, USA) and palm oil (Softisan 154; kindly provided by Condea, Witten, Germany) were used 
as lipid components. The water-soluble surfactants included polyoxyethylene20 sorbitan monooleate (Tween 80; Sigma- 
Aldrich, USA) and Poloxamer 407 (Pluronic F127; Sigma-Aldrich, USA). Lipid-soluble surfactants comprised sorbitan 
monooleate (Span 80; Sigma-Aldrich, USA) and soy lecithin (Sigma-Aldrich, USA). Doxycycline, gentamicin, and 
thymol (all from Sigma-Aldrich, USA) were purchased from certified suppliers. All reagents were of analytical grade, 
and double-distilled water was used for all experimental procedures.

Preparation of Nanostructured Lipid Carriers (NLCs)
Nanostructured lipid carriers (NLCs) were synthesized using a high-shear homogenization technique. Solid lipids 
(65%) and liquid lipids (22%) were combined with surfactants (8%) and antibacterial agents (doxycycline, gentamicin, 
and thymol at 5%, individually or in combination). The mixture was heated in a water bath at 70°C until the solid 
lipids fully melted. Preheated double-distilled water (4 mL, 70°C) was added gradually while stirring. The resulting 
mixture was homogenized using a magnetic stirrer at 350 rpm for 10 minutes. To achieve nanoscale particle formation, 
the pre-emulsion was subjected to probe sonication at 25 W using 10s on/5s off pulse cycles for a total sonication time 
of 2 min. Sonication was performed under temperature-controlled conditions (ice bath) to minimize heat-induced 
instability during nanoparticle formation. The final NLCs were cooled to room temperature and stored for further 
characterization.24,25

Formulation composition was expressed according to the actual amount of each component used during preparation; 
lipid and drug contents were reported on a w/w basis, while aqueous phase components were prepared according to 
volume-based (w/v or v/v) concentrations where applicable.
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Physicochemical Characterization
Particle Size, Polydispersity Index, and Zeta Potential
Dynamic light scattering (DLS) analysis was carried out using a Nanosizer (Malvern Instruments, Worcestershire, UK) to 
measure particle size, polydispersity index (PDI), and zeta potential. Formulations with particle sizes ranging from 200 to 
400 nm, low PDI values, and high surface charge were considered optimal.

Morphology
The surface morphology of nanoparticles was examined using field emission scanning electron microscopy (FESEM). 
A diluted suspension of NLCs was deposited on aluminum foil, air-dried, and imaged to evaluate particle shape and 
surface morphology.

Determination of λMax

The maximum absorbance wavelength (λMax) for each antibacterial agent was determined using a UV–Vis spectro
photometer. Stock solutions (1 mg/mL) were prepared by dissolving each agent in sterile double distilled water or 
appropriate solvent. One milliliter of stock solution was diluted to 10 mL, and absorbance was measured from 200 to 700 
nm at 5 nm intervals.

Drug Loading and Encapsulation Efficiency
Drug encapsulation efficiency (EE%) and drug loading (DL%) were determined individually for each of the three agents 
(Doxycycline, Gentamicin, and Thymol) using an indirect method. Ten milligrams of NLCs were dispersed in 10 mL 
water, vortexed, and centrifuged at 15,000 rpm for 20 minutes at 4°C. Supernatants were analyzed spectrophotome
trically at the λ Max for each drug. EE% and DL% were calculated using the following equations:

Stability Assessment
Lyophilized NLCs were reconstituted in double-distilled water and filtered through 450 nm filters. Particle size, PDI, and 
zeta potential were measured at 1, 24, and 48 hours, as well as at 1, 3, 6 and 9 months, to evaluate long-term physical and 
chemical stability.

In vitro Drug Release
Drug release studies were conducted using dialysis bags (cut-off 12,000 Da, Sigma). Lyophilized NLCs were weighed 
accurately and placed in dialysis bags containing 40 mL phosphate-buffered saline (PBS, pH 7.4) at 37°C with gentle 
magnetic stirring (100 rpm). At predetermined time points, 1 mL samples were withdrawn and replaced with fresh buffer. 
Drug concentrations were determined spectrophotometrically. Free drug solutions were used as controls.

FTIR Analysis
FTIR spectroscopy was performed to examine possible interactions between the components of the NLC formulation. 
Spectra were obtained for the synthesized NLC and for each individual ingredient, and the profiles were compared to 
identify any shifts or changes in characteristic peaks.

Biological Evaluations
Cytotoxicity
Cytotoxicity of drug-loaded NLCs was evaluated in J774A.1 macrophages using the MTT assay. The J774A.1 murine 
macrophage cell line was obtained from the Cell Bank of Pasteur Institute of Iran (Tehran, Iran). Cells were seeded in 96-well 
plates, exposed to the formulations, and incubated under standard culture conditions. Cell viability was then determined by the 
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MTT assay according to standard protocols. The resulting formazan crystals were dissolved in DMSO, and absorbance was 
measured at 570 nm using a microplate reader.

Antibacterial Activity
All experiments involving Brucella melitensis 16M were performed under Biosafety Level 3 (BSL-3) laboratory 
conditions in accordance with institutional biosafety regulations and approved safety protocols. Antibacterial activity 
against Brucella melitensis 16M was evaluated using agar well diffusion and microdilution methods. Mueller-Hinton 
agar supplemented with sheep blood was inoculated with bacterial suspensions equivalent to 0.5 McFarland. Wells were 
loaded with NLC formulations, free drugs, or controls. Plates were incubated at 37°C for 24, 48, and 72 hours, and zones 
of inhibition were measured.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
MIC and MBC determinations were performed according to CLSI guidelines with appropriate modifications for the 
tested formulation. MIC was determined in 96-well flat-bottom microplates using serial dilutions of NLCs or free drugs 
in Mueller-Hinton broth. After 24 hours’ incubation at 37°C, the lowest concentration preventing visible growth was 
recorded as MIC. For MBC determination, 10 µL from wells showing no growth was plated onto TSA, and the lowest 
concentration eliminating ≥99.9% of bacteria was defined as MBC.

Intracellular Antibacterial Activity
Macrophage infection conditions were selected based on previously reported Brucella intracellular infection protocols.5 

Macrophages were infected with B. melitensis at a multiplicity of infection (MOI) of 100 for 5 hours. Cells were washed 
with PBS to remove extracellular bacteria and incubated with drug-loaded NLCs, free drugs, or free NLCs for 24, 48 and 
72 hours. Cells were lysed using Triton X-100 (1%), and intracellular bacteria were quantified by plating serial dilutions 
on TSA. Colony-forming units (CFUs) were counted, and results were statistically analyzed.

Statistical Analysis
All experiments were performed in triplicate, and data were expressed as mean ± standard deviation. Normality of the 
datasets was assessed prior to analysis. Comparisons between more than two groups (including different NLC formula
tions, free drugs, and controls) were carried out using one-way ANOVA followed by an appropriate post-hoc test to 
identify pairwise differences. Time-dependent changes in antibacterial and intracellular activity were analyzed using 
repeated-measures ANOVA. For non-parametric data, the Kruskal–Wallis test was applied. A p-value less than 0.05 was 
considered statistically significant. All statistical analyses were performed using a standard statistical software package.

Results
NLC Characterization (Size, PDI, and Zeta Potential)
The physicochemical characteristics of the nanoparticles varied depending on the proportions of lipid and surfactant 
used, as well as the homogenization duration and ultrasound probe intensity. In the optimized formulation (F3), the mean 
particle size, polydispersity index (PDI), and zeta potential were found to be 398 ± 30 nm, 0.35 ± 0.02, and −17.5 ± 1.4 
mV, respectively. Drug loading (DL%) and encapsulation efficiency (EE%) were determined individually for each 
compound. The optimized formulation (F3) showed DL and EE values of 22.5% and 99.1% for doxycycline, 21.3% 
and 98.3% for gentamicin, and 18.5% and 93.5% for thymol. The overall loading and encapsulation efficiencies reported 
in Table 1 represent the mean values calculated from these individual measurements.

Nanoparticle Stability
The average particle size, PDI, zeta potential, and turbidity of the nanoparticles were assessed at 0, 1, 3, 6, and 9 months 
(Table 2). The particle size remained relatively constant up to the third month, showing no statistically significant change. 
After nine months, a slight increase of about 12.5% in particle diameter (from 398 to 455 nm) was observed, suggesting 
good colloidal stability of the nanoparticles during storage.
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Morphological Analysis (FESEM)
FESEM imaging showed that the prepared NLCs exhibited a relatively uniform appearance. The particles appeared well 
distributed across the field without noticeable aggregation, indicating acceptable physical stability of the formulation. 
The overall morphology tended toward an oval to slightly irregular shape, which is consistent with typical NLC 
characteristics (Figure 1).

FTIR Analysis
The FTIR spectra of free doxycycline, blank NLCs, and DOX-loaded NLCs (DOX-NLC) were evaluated to investigate 
the chemical compatibility and successful integration of the drug within the lipid framework (Figure 2). The spectrum of 
free doxycycline (purple line) displayed its characteristic fingerprint, including broad bands at 3300−3500 cm−1 

attributed to O-H and N-H stretching vibrations, and sharp peaks between 1615−1670 cm−1 representing the carbonyl 
(C=O) stretching of the amide and aromatic rings. In both the blank NLC (blue line) and DOX-NLC (black line) spectra, 
the dominant peaks at 2918 cm−1 and 2850 cm−1 correspond to the symmetric and asymmetric C-H stretching vibrations 
of the long aliphatic chains in stearic acid and oleic acid. Additionally, a distinct peak at 1708 cm−1 was observed, 
identifying the carbonyl group of the fatty acids. In the DOX-NLC spectrum, the characteristic peaks of doxycycline 
were significantly attenuated or completely masked by the intense signals of the lipid matrix. This observation confirms 

Table 1 Composition, Preparation Parameters, and Physicochemical Characteristics of NLC Formulations

Materials and Technological Parameters Formulations

F1 F2 F3 F4 F5 F6

Solid lipid (Mg) 2000 1000 1500 1500 3000 500

Liquid lipid (mL) 750 500 500 1000 2000 150

Water surfactant (Mg) 150 100 150 100 200 50

Liquid surfactant(Mg) 150 100 150 100 200 50

Gentamicin (Mg) 150 100 100 50 100 50

Doxycycline (Mg) 150 100 100 50 50 50

Thymol (Mg) 150 100 100 50 50 50

Size (nm) 380±25 421±31 398±30 320±27 380±26 215±15

Pdi 0.70±0.03 0.61±0.01 0.35±0.02 0.45±0.02 0.91±0.03 0.7±0.03

Zeta potential (mV) −16.5±1.5 −15.3±1.7 −17.5±1.4 −11.6±0.9 −12.3±10.1 −13.8±1.2

Entrapment efficacy (%) 91± 3.5 95±3.1 97±2.8 92±3.9 90±4.1 92±2.9

Drug loading (%) 18±1.1 20±0.7 21±0.9 16±0.8 15±1.1 10±0.5

Table 2 Evaluation of NLC Stability Parameters During 9 months of Storage

Technological Parameters Time and Temperature

Zero Time 1 Month 25°C 3 Month 4°C 6 Month 4°C 9 Month 4°C

Size 398 410 415 425 455

PDI 0.35 0.39 0.42 0.49 0.57

ZP −17.5 −18.5 −15.1 −15.8 −14.5

Appearance (turbidity) No turbidity No turbidity No turbidity No turbidity No turbidity
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that the drug was successfully encapsulated within the NLC core, transitioning from a crystalline state to an amorphous 
or molecularly dispersed state within the lipid carrier. Furthermore, the lack of new peak formation or significant shifts in 
the lipid signals suggests that no adverse chemical interactions occurred between doxycycline and the NLC component.

The FTIR analysis was further extended to confirm the encapsulation of gentamicin within the NLC system (Figure 3). The 
spectrum of free gentamicin (purple line) exhibited a broad and intense absorption band in the 3200−3500 cm−1 region, 
corresponding to the stretching vibrations of hydroxyl (-OH) and amino (-NH2) groups. Additionally, characteristic peaks 
observed between 1000−1100 cm−1 represent the glycosidic C-O-C and C-N stretching vibrations inherent to the aminoglyco
side structure. In the Gen-NLC spectrum (black line), the predominant signals were those of the lipid matrix, specifically the 

Figure 1 FESEM micrograph of the prepared nanostructured lipid carriers (NLCs) showing nanoscale particles with relatively smooth surfaces and uniform distribution 
(magnification: 135 kx; scale bar: 200 nm).

Figure 2 FTIR spectra of free- doxycycline, DOX-loaded NLCs (DOX-NLC), and free- NLCs. The masking of doxycycline-specific peaks in the DOX-NLC formulation 
confirms successful drug entrapment within the stearic acid and oleic acid-based lipid matrix.
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sharp aliphatic C-H stretching peaks at 2918 cm−1 and 2850 cm−1, and the carbonyl (C=O) peak at 1708 cm−1 from stearic and 
oleic acids. The absence of the prominent, broad peaks of free gentamicin in the Gen-NLC formulation suggests that the drug 
is successfully entrapped and molecularly dispersed within the lipid core. Similar to the observations for DOX-NLC, the lack 
of shift in the primary lipid peaks and the absence of new functional group signals indicate excellent chemical compatibility 
between gentamicin and the selected lipid components.

The FTIR spectrum of thymol and its integration into the NLC system were evaluated to ensure structural integrity and 
successful loading (Figure 4). The spectrum of pure thymol (purple line) exhibited a characteristic broad absorption band at 
approximately 3230 cm−1, assigned to the stretching vibration of the phenolic hydroxyl (-OH) group. Intense peaks in the 2860 
−2960 cm−1 range correspond to the C-H stretching of its isopropyl and methyl substituents. Furthermore, several sharp bands 
between 1420−1620 cm−1 reflect the aromatic ring carbon-carbon double bond (C=C) vibrations, while the peak at 808 cm−1 is 
indicative of the aromatic C-H out-of-plane bending. In the Thy-NLC spectrum (black line), the fingerprint of the lipid matrix 
(stearic acid and oleic acid) dominated, with the characteristic C-H stretching at 2918 cm−1 and 2850 cm−1, and the lipid carbonyl 
peak at 1708 cm−1. The significant reduction and overlapping of thymol’s phenolic signals within the NLC spectrum confirm that 
thymol was effectively partitioned into the hydrophobic core of the lipid carriers. The absence of unexpected new peaks confirms 

Figure 3 FTIR spectra of free gentamicin, gentamicin-loaded NLCs (Gen-NLC), and free NLCs. The successful entrapment of gentamicin is evidenced by the masking of its 
characteristic amine and hydroxyl signals within the dominant spectra of the lipid matrix.

Figure 4 FTIR spectra of free thymol, thymol-loaded NLCs (Thy-NLC), and free NLCs. The incorporation of thymol into the lipid matrix is confirmed by the attenuation of 
the phenolic O-H band and aromatic skeletal vibrations in the Thy-NLC formulation.
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that thymol maintained its chemical structure during the high-shear homogenization process and remained compatible with the 
lipid components.

In vitro Drug Release Study
The in vitro release profiles of doxycycline, gentamicin, and thymol from the NLC system were evaluated individually at pH 7.4 
(Figure 5). As observed, the release rate of the free drug was markedly higher than that of the drug encapsulated within the lipid 
nanocarrier, confirming the ability of the NLC system to modulate and sustain drug release (P = 0.01). During the first 20 hours, 
approximately 20% of the drug was released from the NLC matrix, whereas the free drug exhibited a much faster release, with 
nearly 60% released within the same period. The sustained release from the nanocarrier continued gradually, reaching about 95% 
cumulative release after nearly 80 hours. This prolonged release pattern demonstrates the controlled-release behavior of the lipid 
matrix, which can potentially enhance the therapeutic efficacy and reduce dosing frequency compared with the free drug 
formulation.

Antibacterial Studies
The antimicrobial activity of free drugs (gentamicin, doxycycline, and thymol) and their corresponding NLC formula
tions was assessed by agar well diffusion and minimum inhibitory concentration (MIC) assays (Table 3 and Figure 6). In 
both assays, unencapsulated drugs produced larger zones of inhibition and lower MIC values than the individual 
nanoformulations during the initial incubation period. This observation is consistent with the immediate availability of 
free active agents. In contrast, drugs entrapped within the lipid matrix exhibited a controlled release pattern, requiring 
time to diffuse from the NLCs to exert their effects.

Notably, while individual NLCs showed higher MICs, the triple-drug loaded NLC (Gen-Dox-Thy@NLC) demonstrated 
a significant enhancement in antibacterial efficacy compared to single-drug NLCs, suggesting a synergistic or additive effect 
within the nanocarrier. Furthermore, the diameter of the inhibition zones around NLC samples increased progressively over the 
72-hour period, surpassing the sustained efficacy of free drugs which often plateaued earlier. These observations suggest that 
while NLC-encapsulation initially reduces apparent potency in short-term assays, it provides a superior long-term therapeutic 
profile by maintaining effective drug concentrations over an extended period, which is a critical advantage for treating 
intracellular pathogens like Brucella melitensis.

Figure 5 In vitro release profile of the free drug and NLC-encapsulated formulation in PBS buffer (pH 7.4, 37 °C) (n = 3). The free drug exhibited a rapid release (~60% 
within 20 h), while only ~20% of the drug was released from the NLC in the same period. Nearly 95% of the encapsulated drug was released over ~80 h, indicating 
a sustained and controlled-release pattern provided by the lipid nanocarrier system.
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Table 3 Antibacterial Activity of Free Drugs and Corresponding NLC Formulations 
as Determined by Agar Well Diffusion (Zone of Inhibition) Assay. Values Represent 
Mean ± SD (n = 3)

Formulations Concentration (µg/mL) Time (h) Inhibition Zone (mm)

Gentamicin 50 24 34 ± 3

25 24 33 ± 2

12.5 24 27 ± 3

Doxycycline 50 24 29 ± 2

25 24 29 ± 1

12.5 24 25 ± 2

Thymol 50 24 12 ± 0.5

25 24 10 ± 1

12.5 24 5 ± 0.1

Gentamicin-NLC 50 24 13 ± 0.5

48 15 ± 1

72 33 ± 2

25 24 11 ± 1

48 17 ± 3

72 32 ± 2

12.5 24 12 ±.05

48 17 ± 2

72 24 ± 1

Doxycycline-NLC 50 24 13 ± 0.5

48 16 ± 2

72 27 ± 2

25 24 10 ± 1

48 14 ± 3

72 26 ± 0.5

12.5 24 9 ± 0.5

48 12 ± 1

72 20 ± 1

Thymol-NLC 50 24 9 ± 1

48 9 ± 0.5

72 12 ± 0.5

(Continued)
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Toxicity Studies
The cytotoxicity of free drugs (doxycycline, gentamicin, and thymol) and their corresponding nanostructured lipid carrier 
formulations (Dox-NLC, Gen-NLC, Thy-NLC) was evaluated using J774A.1 macrophage cells (Figure 7). The results 
demonstrated that all formulations exhibited dose-dependent cytotoxicity, with a marked reduction in cell viability 
observed at higher concentrations (800 µg/mL). Among the free drugs, thymol showed the highest cytotoxicity, with cell 
viability decreasing to approximately 72% at the highest tested concentration. In contrast, the NLC-based formulations 
showed significantly improved biocompatibility, maintaining cell viability above 85% even at 800 µg/mL. Dox-NLC and 
Gen-NLC displayed the lowest toxicity profiles, comparable to the standard media control.

Figure 6 Minimum inhibitory concentration (MIC) values of different formulations including free antibiotics and NLC-based systems. Data represent the mean ± SD of three 
independent experiments (n=3). The Dox-Gen-Thy@NLC formulation showed a markedly lower MIC compared to free drugs and single-loaded NLCs, indicating 
a synergistic antibacterial effect and enhanced delivery efficiency (p value < 0.05).

Table 3 (Continued). 

Formulations Concentration (µg/mL) Time (h) Inhibition Zone (mm)

25 24 0

48 0

72 9 ± 0.2

12.5 24 0

48 0

72 0

Gen-dox-thy@NLC 50 24 25 ± 3

48 30 ± 1

72 34 ± 2

Blank-NLC 50 72 0
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Intracellular Infection Study
The intracellular antibacterial activity of the free drugs and their corresponding NLC formulations was evaluated against 
Brucella melitensis using the J774A.1 macrophage infection model (Figure 8). As shown in the results, all tested 
concentrations (12.5, 25, and 50 µg/mL) exhibited a concentration-dependent reduction in bacterial colony-forming units 
(CFUs). However, the NLC-based formulations demonstrated a significantly higher antibacterial efficacy compared to 
their respective free drugs (P < 0.05). Among the tested formulations, the combined nanodrug (Gen–Dox–Thy@NLC) 

Figure 8 Intracellular antibacterial activity of free drugs and NLC formulations against Brucella melitensis in infected J774A.1 macrophage at different concentrations (12.5, 
25, and 50 µg/mL). Data are expressed as mean ± SEM from three independent experiments (n = 3). NLC-based formulations, particularly Gen–Dox–Thy@NLC, 
significantly reduced intracellular bacterial CFUs compared to free drugs and control groups (P < 0.05), demonstrating improved intracellular efficacy of the nanocarrier 
system.

Figure 7 Cell viability of J774A.1 macrophage cells after 24 hours of exposure to free drugs and NLC formulations at different concentrations (25–800 µg/mL). Data are 
presented as mean ± SD from three independent experiments (n = 3).
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produced the greatest reduction in intracellular CFUs, indicating enhanced drug delivery and sustained intracellular 
release. In contrast, the free drug forms and blank NLC showed markedly lower inhibitory effects, with CFU counts 
remaining relatively high and comparable to the negative control.

Discussion
The present study demonstrates that the nanostructured lipid carrier co-loaded with doxycycline, gentamicin, and thymol 
exhibits desirable physicochemical properties, controlled release behavior, and enhanced intracellular antibacterial 
activity against Brucella melitensis. The optimized formulation showed a particle size of approximately 398 nm with 
moderate polydispersity, characteristics that fall within the range generally associated with efficient macrophage uptake 
and improved delivery to intracellular pathogens, which is consistent with previous reports on lipid-based antibiotic 
nanocarriers targeting Brucella and other intracellular bacteria.26,27 Minor differences in size distribution compared with 
earlier formulations likely arise from variations in lipid composition, surfactant concentration, and production para
meters, all of which are known to influence the colloidal behavior of NLCs.28

The high encapsulation efficiency obtained in our formulation aligns with findings from recent studies reporting 
successful incorporation of both hydrophilic and lipophilic antimicrobial agents into lipid matrices.28,29 Such agreement 
suggests that the lipid surfactant composition used here provided a stable environment for simultaneous loading of 
doxycycline, gentamicin, and thymol. Slight discrepancies in loading percentages between studies are expected, 
considering the differences in drug solubility, lipid miscibility, and preparation technique.

Morphological assessment using FE-SEM confirmed the formation of uniform and non-aggregated nanoparticles, 
while FTIR analysis indicated physical interactions between the drugs and the lipid core without chemical modification 
observations that closely mirror those reported for other thymol or antibiotic loaded NLC systems.29,30 These structural 
features help explain the controlled, biphasic release pattern observed in our study. The initial release phase was followed 
by a sustained extended release, a behavior commonly described for NLCs containing heterogeneous drug combinations 
and considered advantageous for chronic intracellular infections requiring prolonged exposure to antibiotics.28,31

The antibacterial findings further support the benefits of the NLC platform. Although free drugs produced larger inhibition 
zones in extracellular assays due to rapid diffusion through agar, the NLC formulation demonstrated superior intracellular 
antibacterial activity in infected macrophages. This superior performance is attributed to a dual-action mechanism: first, the 
NLCs leverage the natural phagocytic activity of macrophages, which facilitates the active uptake of the lipid nanoparticles, 
a process known as “passive targeting” to the primary reservoir of Brucella. Once internalized, the NLCs likely localize within 
the phagolysosomal compartments where the bacteria reside. Second, the lipid matrix provides a sustained release profile, 
ensuring that therapeutic concentrations are maintained locally over an extended period rather than being rapidly cleared or 
degraded. This concentrated, localized release within the intracellular environment overcomes the penetration limitations of 
free antibiotics, leading to a more profound reduction in CFU counts. By protecting the encapsulated drugs from the harsh 
intracellular environment and ensuring their direct delivery to the site of infection, the NLC system significantly enhances the 
eradication of intracellular Brucella compared to free drug combinations.26,27

The presence of thymol may have contributed to membrane perturbation and improved antibiotic penetration, which 
could partially explain the enhanced antibacterial activity observed in the triple-drug NLC formulation. Similar 
supportive effects of natural phenolic compounds co-delivered with antibiotics in lipid-based carriers have been reported 
in previous studies.29,30

The cytotoxicity of free drugs and their corresponding NLC formulations was evaluated using J774A.1 macrophage 
cells to assess their biocompatibility. As shown in Figure 7, all formulations exhibited dose-dependent cytotoxicity; 
however, the NLC-based systems showed significantly improved safety profiles compared to their free counterparts. 
Specifically, while free thymol reduced cell viability to approximately 72% at 800 µg/mL, the NLC formulations 
maintained viability above 85% at the same concentration. This enhanced biocompatibility is particularly significant 
when compared to the antimicrobial efficacy of the system. The safety profile of a nanocarrier is defined by its 
therapeutic index (the ratio of the toxic dose to the therapeutic dose). In this study, the triple-loaded NLC system (Dox- 
Gen-Thy@NLC) demonstrated an exceptionally high safety margin; while its MIC was as low as ~0.25 µg/mL, the 
cytotoxic threshold remained well above 800 µg/mL. This vast gap (a therapeutic index of over 3200) suggests that the 
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effective antimicrobial concentration is far below the level required to induce cellular damage. These findings indicate 
that the lipid matrix not only facilitates the co-delivery of multiple agents but also acts as a protective shield, masking the 
inherent toxicity of the drugs especially thymol and ensuring a high degree of safety for potential clinical applications.6,29

Despite the promising outcomes, this study has certain limitations that should be addressed in future research. First, 
the experiments were conducted under in vitro conditions; therefore, in vivo evaluations are essential to determine the 
pharmacokinetics, biodistribution, and potential immune interactions, such as protein corona formation. Second, while 
the reduction in CFUs indicates effective delivery, direct assessment of macrophage viability using standardized assays 
(eg., MTT or LDH release) and the implementation of a formal gentamicin protection assay would further refine the 
intracellular quantification and safety profile. Furthermore, the specific intracellular trafficking mechanisms of the NLCs 
were not explored and should be investigated using fluorescence-based tracing. Finally, further optimization of the drug 
ratios and lipid matrix composition may enhance the synergistic effects and therapeutic index, as suggested in recent co- 
delivery studies [2].

Conclusion
This study demonstrates that nanostructured lipid carriers co-loaded with doxycycline, gentamicin, and thymol may help 
overcome key barriers associated with conventional brucellosis therapy. The optimized formulation produced stable 
nanoparticles with sustained drug release, high encapsulation efficiency, and good compatibility with macrophage cells. 
Importantly, the triple-drug NLC showed enhanced intracellular antibacterial activity compared with the free drug 
combination, indicating its potential to improve intracellular control of Brucella melitensis. These findings suggest that 
integrating conventional antibiotics with plant-derived compounds in a lipid nanocarrier platform may represent 
a promising strategy to enhance therapeutic efficacy. Regarding industrial feasibility, the high-shear homogenization 
method used in this study is a robust and scalable technique already established in pharmaceutical manufacturing. 
Although co-loading three distinct therapeutic agents presents a manufacturing challenge, the inherent stability and high 
loading capacity of the NLC’s imperfect crystalline structure facilitate the consistent incorporation of multiple drugs. By 
optimizing critical process parameters, this triple delivery platform can be adapted for large scale production, potentially 
bridging the gap between laboratory research and clinical application. Nevertheless, further in vivo studies are required to 
evaluate pharmacokinetics, biodistribution, and therapeutic performance before clinical translation.
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