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Brucellosis is a systemic disease in both acute and chronic forms which can affect any organ or tissue in the body. One of the biggest issues in treating this disease is its relapse. In this study, a complete treatment of brucellosis was evaluated using enhanced performance of doxycycline and hydroxychloroquine drugs by using solid lipid nanoparticles (SLN) conjugated cadmium-telluride quantum dots. The double emulsion method was used to prepare SLN and cadmium-telluride quantum dots. The physicochemical properties of NPs were determined. The effect of nanoparticle-loaded antibiotics against Brucella melitensis was determined by well diffusion, minimum inhibitory concentration (MIC), cell culture, and animal studies. The means of particle size, PDI, zeta potential, drugs loading, and encapsulation efficiency were 214 ± 25 nm, 0.385 ± 0.022, −18.7 ± 2.3 mV, 17.7 ± 1.5%, and 94.15 ± 2.6%, respectively. The results of FTIR and DSC showed that no chemical reaction occurred between the components of the NPs. The effect of free drug and NPs on bacteria was the same by well diffusion and MIC method. Drug-loaded NPs significantly reduced the number of CFUs in the cell line and acute and chronic brucellosis compared to the free drug. In conclusion, the synthesized nanoparticles were safe and green. With the slow release of the drug (100 h), the accumulation of the drug at the bacterial site increases and causes a greater effect on the B. melitensis and improves the disease of brucellosis. The use of synthesized nanodrugs in this study had promising therapeutic results.
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INTRODUCTION
Brucellosis is a bacterial disease caused by various species of Brucella, which mainly infects cattle, pigs, goats, sheep, and dogs (Kamga et al., 2020). Humans usually acquire the disease through direct contact with infected animals, eating or drinking of contaminated animal products, or inhaling airborne agents. Most cases are caused by eating unpasteurized milk or cheese from infected goats or sheep (Shoukat et al., 2017; Kamga et al., 2020). Brucellosis is one of the most widespread diseases between human and animal (zoonoses), which has serious consequences for public health in native areas. Lack of hygiene in animal husbandry and food transportation is one of the causes of brucellosis, which is still a risk to public health (Franc et al., 2018).
It is a systemic infection that can affect any organ or tissue in the body. The clinical signs are extremely nonspecific and show very variable manifestations. Brucellosis is caused by bacteria in the Brucella family, including Brucella melitensis, Brucella abortus, Brucella suis, and Brucella canis. Among these, Brucella melitensis and Brucella abortus are more important, causing brucellosis of varying severity in humans (Hull and Schumaker, 2018). The ability to cause disease in this genus of bacteria depends on their intracellularity. Upon entering the host cell, Brucella experiences a multi-stage intracellular cycle. These cycles occur with the help of bacterial effectors secreted by the type IV secretion systems (T4SSs). The bacterium enters the macrophage by endocytosis (Smith et al., 2020).
Antibiotics commonly used to treat brucellosis include aminoglycosides, tetracyclines, sulfonamides, and trimethoprim (Hayat et al., 2018). Low penetration, inactivation in the cell environment, or degradation by lysosomal enzymes cause ineffective antibiotics prescribed against intracellular bacteria (Yan et al., 2021). However, the wide distribution of these drugs does not reach the bacteria completely, and their presence in non-infectious tissues, apart from their inherent toxicity, may lead to adverse effects. There is also a relapse of the disease after treatment (Abd Elbaser and Mohammed, 2018). The intracellular concentration of antibiotics depends on the balance between the entry and exit of antibiotics, drug metabolism, and accumulation in various intracellular structures such as phagolysosomes and endosomes with different acidic pHs that reduce the activity of aminoglycosides (Majzoobi et al., 2018).
According to previous studies, acidic conditions within macrophages are necessary for the proliferation and survival of Brucella bacteria and play an important role in the virulence of the disease (Akova et al., 1999; Majzoobi et al., 2018). Therefore, changing the acidic pH of phagolysosomes and shifting it to alkaline pH can increase the effect of antibiotics on intracellular bacteria, especially Brucella (Akova et al., 1999). For this reason, the use of compounds such as hydroxychloroquine can change the acidic conditions to alkaline conditions within the cell, which both affects the virulence of the bacterium and provides the conditions for the effectiveness of prescription antibiotics such as streptomycin and doxycycline (Hashemi et al., 2012). It has been shown that the development of a new drug alone is not effective in treatment; the low solubility of some drugs in water and the low viability of new drug molecules is an issue (Boyd et al., 2019). Therefore, it is important to develop drug delivery systems that can overcome these issues (Arshad et al., 2021b; Rahdar et al., 2021). This carrier system must be non-toxic and have the capacity to accept a sufficient amount of the drug, in addition to being able to target and control the release of the drug (Imbuluzqueta et al., 2010; Arshad et al., 2021a). Solid lipid nanoparticles have been developed as a carrier system for many applications, and many drugs with various applications have been successfully incorporated into community lipid nanoparticles (Paliwal et al., 2020; Hasanein et al., 2021). This drug delivery system causes controlled release of the drug and increases the chemical stability of the trapped drugs.
Fluorescent materials can be used to ensure that synthesized nanocarriers enter the macrophages. At this time, cadmium-telluride quantum dot is widely used to label nanoparticles (Bardajee et al., 2018; Kadim, 2019). The aim of this study was to develop a new treatment method to improve the efficacy of antibiotics and minimize the use of conventional antibiotics in the brucellosis treatment.
METHODS
Materials
Palm oil (Softisan 154 or S154), a gift from Condea (Witten, Germany), and stearic acid (Merck, Germany) were the lipids used in this study. Surfactants include the following: Poloxamer407 (Sigma Aldrich, St. Louis, MI, United States) and polioxiethylene-20-sorbitan monooleate (tween 80- Sigma Aldrich, St. Louis, MI, United States), lipo-soluble surfactants including Span 80 (Sigma Aldrich, St. Louis, MI, United States) and lecithin (Sigma Aldrich, St. Louis, MI, United States), doxycycline (Sigma Aldrich, St. Louis, MI, United States), and hydroxychloroquine sulfate (Sigma Aldrich, St. Louis, MI, United States). Sodium borohydride (NaBH4) (Merck, Germany), tellurium (Sigma Aldrich), cadmium salt (Scharlau, Spain), thioglycolic acid (TGA) (Merck, Germany), and distilled water were used throughout the study.
Preparation of Cadmium-Telluride Quantum Dot (CdTe)
500 mg of NaBH4 powder is added to a 50-ml balloon on a magnetic stirrer with 7 ml of distilled water. Then during the flow of argon gas, 90 mg of tellurium powder was added to the solution. Initially, because the mixture inside the balloon reacts strongly with oxygen, the color of the solution turns purple, but with the flow of argon gas, the purple color disappears and the solution becomes colorless. 2 h later, the white sodium tetraborate powder precipitates. Next, cadmium salt solution in a 250-ml flask to which thioglycolic acid (TGA) was added was prepared. NaHTe solution is added drop-wise to the cadmium salt. The nanoparticles begin to form and grow in the balloon when the Te2− and Cd2+ ions combine. To grow the clusters, the balloon is placed in a water bath at 90°C (Nguyen et al., 2019).
Preparation of Solid Lipid Nanoparticles
The nanoparticle was synthesized by using the double emulsion/melt dispersion technique. Different percentages of lipids, surfactants, and drugs were tested to achieve the optimal formulation. First emulsions included palm oil (1,200 Mg) or stearic acid, poloxamer407 (120 Mg), soy lecithin, distilled water, and antibiotics. Briefly, palm oil or stearic acid were heated at 70°C (5°C above the melting point) and 75°C (5°C above the melting point) using a ben murray, respectively. At this time, poloxamer407, soy lecithin, doxycycline (50 Mg) and hydroxychloroquine (75 Mg) antibiotics were added to the melted oil. It was mixed for 5 min under magnetic stirring (60°C and 150 rpm). Then, 1 ml heated distilled water was added to the mixture and homogenized. To obtain the first emulsion, the mixture was sonicated by using a sonicator (skymen, China) at 45% amplitude (20 W) for 60 s (W1/O). In the following step, 20 ml heated tween-80 was added to the first emulsion and the mixture was homogenized using an ultrasonic device (Bandelin Sonopuls, Berlin, Germany) at 45% amplitude (20 w) at a regular pulse rhythm (10 s on and 5 s off) for 60 s to the second emulsion (W1/O/W2) be provided. The second emulsion was added drop-wise to cold distilled water (4°C) containing 100 µl cadmium-telluride quantum dot (5 nm) under the magnetic stirring condition (5 min) to stabilize the synthesized nanoparticles. The exact same conditions were done for preparation of free SLN (solid lipid nanoparticles without drug). Materials and conditions for each formulation are presented in Table 1. Finally, the synthesized nanoparticles was separated using a high-speed centrifuge (35,000 rpm for 15 min) and washed three times using distilled water.
500 mg of each formulation was added to 1 ml glycerin and lyophilized using a vacuum pump (Christ, China) with a condenser flow at −80°C. To use lyophilized nanodrugs in biological studies on bacteria, the nanoparticles were first dissolved in distilled water and then sterilized by using a 450-nm filter (Black Peres et al., 2016; Hosseini et al., 2019a).
Nanoparticle Characterization
The mean particle size, polydispersity index (PDI), and zeta potential of solid lipid nanoparticles loaded with doxycycline and hydroxychloroquine (DOX-HCQ-SLN) were measured at 25°C by using the dynamic light scattering (DLS) technique performed using a zetasizer nano ZS 3600 (Malvern Instruments, Worcestershire, United Kingdom) device. Each reported value was an average of three measurements. The mentioned factors were measured in two stages, first, immediately after preparation, and in the second stage, after lyophilization.
Determine the Lambda Max (λMax) and Standard Curve of Drugs
It is necessary to obtain the maximum adsorption wavelength of purchased drugs, in order to evaluate the efficiency of encapsulation and loading of drugs. For this purpose, 5 mg of each drug was weighed and dissolved in 5 ml of their solvent (distilled water for doxycycline and ethanol for hydroxychloroquine). The volume of 1 ml of this solution was increased to 10 ml with double distilled water (stock prepared: 100 μg/ml), and then serial dilutions of the stock solution were prepared using distilled water and antibiotic solvent. The absorbance (OD) of the samples was measured using a UV–vis spectrophotometer (UV-2100, Spectrum Technologies, Fort Worth, TX, United States) at wavelengths of 200–400 nm at 5 nm intervals and the maximum wavelength was recorded. Dilutions of 0–45 μg/ml (at 5 μg/ml intervals) were prepared in double distilled water using the prepared stock (10 mg of drug in 2 ml of solvent). Then the absorbance of each sample at maximum wavelength was read using a UV–vis spectrophotometer (Iorhemen et al., 2017). Then, the standard curve of each drug was drawn based on the obtained data.
Encapsulation Efficacy and Drug Loading
To evaluate how much drug is loaded and encapsulated in the synthetic nanoparticle, direct and indirect methods were used. In the indirect method, 10 mg of the synthesized nanoparticle was dissolved in 10 ml of distilled water and completely vortexed to become homogeneous. 2 ml of the prepared suspension was centrifuged at 15,000 rpm for 30 min at 4°C, and this was done three times to make the supernatant completely clear. After centrifugation, the supernatant absorbance (OD) was read using a UV–vis spectrophotometer at wavelengths of 270 and 343 nm for doxycycline and hydroxychloroquine, respectively. The absorbance (OD) obtained was entered into the standard curve (previously plotted for drugs), and the amount of encapsulation and loading was calculated using the following formula (Gupta et al., 2016).
In the direct method, the amount of doxycycline and hydroxychloroquine contained in NPs was investigated by HPLC equipped (SY-8100, China) with a UV detector at a wavelength of 270 and 343 nm. The mobile phase was a mixture of water (50%) and ethanol (50%), the pump was of SY-8100 type, the injector loop was at 772 PSI, and the column was of C-18 type (4.6 × 250 mm), run at a flow rate of 1 ml/min. In this step, 10 mg of the sample alongside 10 ml of water and ethanol mixture were mixed and vortexed using sonication for 10 min to become homogenous. Then, it was centrifuged at 1,500 rpm for 20 min and the supernatant was purified using 220-nm filters (Chen et al., 2019). A linear calibration curve with a good correlation coefficient (r2 = 0.9990) for concentrations in a range from 1 μg/ml to 250 μg/ml was achieved.
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DSC Analysis
The thermal behavior of the optimal formulation and its components were evaluated using the device (METTLER TOLEDO—DSC 1). 5–10 mg of lyophilized powder of optimal formulation and each of its components including doxycycline, hydroxychloroquine, palm oil, and physical mixture of drug and lipid was examined in the temperature range of 20–400°C (5 k/min) and under nitrogen gas (80 ml/min), separately (Müsellim et al., 2018).
FTIR Analysis
In order to investigate the chemical structure of the samples, the synthesized nanoparticle lyophilized powder (optimal formulation), and the nanoparticle components were mixed separately with potassium bromide (KBr) simultaneously and converted into compact discs using a hydraulic compressor. Spectroscopy was performed by FTIR spectroscopy (Perkin Elmer, Waltham, MA, Spectrum 400) in middle-range IR (4,000–400 cm−1) (Müsellim et al., 2018).
Evaluation of Drug Release
Release was performed using a dialysis bag (with fine pores of 2.5 nm and molecular weight of 12,000–14,000 Daltons). The membrane was soaked twice in distilled water 12 h before use. Phosphate buffer with pH: 7.4 at 37°C was used as the release medium. Ten milligram of lyophilized powder of the optimal formulation was dispersed in 2 ml of double distilled water and placed in the bag, and both ends of the bag were sealed. Similarly, 10 mg of both free drugs were placed in 2 ml of double distilled water in a separate bag. The bags were placed separately in the release medium (60 ml), and the lids of the containers containing the bag and buffer were closed to prevent water vapor from escaping. Each vessel was then placed in a shaker incubator (37°C, 100 rpm). At constant intervals (0, 1, 2, 4, 20, 40, 60, 80, 100, 120, and 140 h), 2 ml was removed from the medium and immediately replaced with the same volume of release medium to maintain the sink condition. Drug released from the synthesized nanodrug was measured using a UV–vis spectrometer at the maximum wavelength of each drug (Yu et al., 2019).
Physical and Chemical Stability of NPs
The stability of the optimal formulation in suspension was evaluated for the short term (1 week in terms of appearance and 1 month in terms of appearance and physicochemical properties) and long term (6–12 months in terms of appearance and physicochemical properties). In the short term, at intervals of 24, 48, 72, 96, 120, and 144 h, the samples were inspected visually. At this stage, formulation without sediment formation, drug leakage, and accumulation were considered as stable in the short term. To evaluate the stability of the optimal formulation over a long period of time, physical appearance and physicochemical parameters (particle size, PDI, and zeta potential) with respect to zero time over a long period (2–12 months) were evaluated at refrigerator temperature (5°C) (Kalpana and Devi Rajeswari, 2018).
Morphology
A field emission scanning electronic microscope (Fe-SEM) (MIRA3, TESCAN Company, Brno, and Czech Republic) was used to examine the morphology of the nanoparticles. 2 mg of lyophilized nanoparticles were added to 2 ml of distilled water and sonicated. Then 2 μl of the suspension was transferred to a microscope slide and allowed to dry, covered with a thin layer of gold, and evaluated (Brodusch et al., 2018).
Bacterial Strain, Cell Line and Rat
For in vitro and in vivo tests, Brucella melitensis 16M (purchased from Razi Vaccine and Serum Research Institute, Iran) was used. Brucella agar, TSB (Tryptic Soy Broth), and TSA (Tryptic Soy Agar) were used for bacterial culture at 37°C and 5% of CO2. The J774-A1 mouse macrophage cell line (purchased from the Pasteur Institute of Iran, Biology Bank) was employed for the cell culture study. Dulbecco’s Modified Eagle cell culture Medium (DMEM) was used with 10% FBS. Male Wistar rats (6–8 weeks old) weighing 250 (±30) gr were purchased from Hamadan University of Medical Sciences.
Minimum Inhibitory Concentration, Well Diffusion
The well diffusion method and minimum inhibitory concentration of nanoparticles and free drug were performed according to CLSI guidelines. Concentrations of 12.5, 25, and 50 μg/ml were prepared from drugs and nanodrugs. 0.5 McFarland suspension of Brucella melitensis were cultured on Mueller-Hinton agar plates using sterile swabs. In the following step, Wells 8 mm in size were created in culture media by using a sterile Pasteur pipette and each well was filled in by 100 μl of nanodrugs and free drug and incubated at 37°C for 24, 48, and 72 h. After these time intervals, bacterial growth around the wells was measured for each well and used as a basis for analyzing the antibacterial performance of nanodrugs (Hosseini et al., 2017).
96-well flat-bottomed plates were used to determine the minimum concentration of drug and nanodrug that had the ability to inhibit bacterial growth. The first concentration which was used was the lowest amount of antibiotics and nanodrugs obtained in the well diffusion test. 100 μl was added to each well from different dilutions. Then 100 μl of mueller hinton broth culture medium was added to each well, and finally, 5 μl of 0.5 McFarland bacterial suspensions was added to all wells and incubated for 24, 48, and 72 h at 37°C. After this time, to determine the minimum concentration, it was first examined visually, and in wells where bacteria had not grown, it was considered as the minimum inhibitory concentration (Espinel-Ingroff et al., 2017).
MTT Assay
The MTT kit (3- (4, 5-Dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide) was used to evaluate the cytotoxicity of the synthesized nanodrug according to the instructions of the kit and Mouse monocyte-macrophage cells J774A.1 (ATCC TIB-67; BALB/c Mouse, hematopoietic, macrophage-like. 1 × 104 cells were added to each well containing DMEM (Gibco Product, Carlsbad, CA) enriched by 10% of FBS and 1% of penicillin–streptomycin antibiotics and incubated for 24 h at 37°C and 5% of CO2. After this period, the medium was removed from the wells and 100 μL of Free doxycycline, Free hydroxychloroquine, DOX-SLN, HCQ-SLN, and Free SLN (blank sample) at various concentrations (25, 50, 100, 200, 400, and 800 μg/ml) alongside DMEM containing 10% FBS were added and incubated for 24 h.
The treated cells were washed with PBS, and 150 μl of fresh DMEM medium without fetal bovine serum was added to the wells again. 10 μl of MTT assay reagent was added and the culture medium was removed after 3–4 h of incubation, and then 200 μl of DMSO was added to each well and placed on a shaker at 100 RPM for 20 min to dissolve the formazan particles. Optical absorption of cell-containing plates was evaluated at 570 nm. The number of viable cells in each well was evaluated by positive control comparison (Sánchez-López et al., 2016; Kumar et al., 2018; Fernandes et al., 2021).
In Vitro Cellular Infection
24-cell culture plates (Corning Inc., Corning, NY, United States) were used to investigate the effect of nanoparticles on Brucella melitensis. 105 cells were added to each well containing DMEM medium with 10% of FBS and incubated for 24 h. Then, cells were infected with Brucella melitensis in log phase at a 1:100 ratio of cell to bacteria and incubated for 1 h to bacterial phagocytosis. The cells were washed three times with DMEM medium containing 50 μg/ml gentamicin antibiotic (Sigma Product Co.) to remove bacteria that were non-phagocyted or attached to the cell wall. Different dilutions of nanoparticles and drug (25, 50, and 100 μl) along with DMEM medium with 10% FBS were added to the cells and incubated for 24, 48, and 72 h at 37°C and 5% of CO2. After these times, the cells were washed using PBS twice. The cells were lysed with 250 μl of 0.1% Triton X-100 in order to determine the number of bacteria in the macrophages. 10 serial dilution was prepared from this suspension, and cultured on Brucella agar medium. The colony-forming unit (CFU) of bacteria was numbered and recorded after 24, 48, and 72 h of culture (Hosseini et al., 2019b; Hosseini et al., 2020).
In Vivo Studies: Animal Experiment
Rats were infected with 1 ml of 1.5 × 106 CFUs of Brucella melitensis M16 by intraperitoneal injection. Animal studies were performed in two phases of acute and chronic brucellosis. Rats were divided into eight groups after 10 days of bacterial injection (acute phase) and 5 weeks after injection (chronic phase). All experiments were done according to the guidelines for maintenance, surveillance, and usage of laboratory animals published by the National Institute of Health United State (NIH publication No. 85-23, revised 1985). Moreover, the study was approved by the ethics committee of the Hamadan University of Medical Sciences (No: IRUMSHA. REC.1399.736). Three and five rats were considered in each group, for acute and chronic phases of the disease, respectively. The dose of injection was based on rat weight. Study groups included the following: 1) control group (infected without treatment), 2) DOX-SLN-treated group (2.5 mg/kg), 3) HCQ-SLN-treated group (6.5 mg/kg), 4) DOX-HCQ-SLN–treated group (4.5 mg/kg), 5) free hydroxychloroquine–treated group (6.5 mg/kg), 6) free doxycycline–treated group (2.5 mg/kg), 7) free doxycycline and free hydroxychloroquine–treated group (4.5 mg/kg), and 8) drug-free nanoparticle-treated group. In the acute phase of brucellosis, three doses of drug and nanoparticle were administered every other day (days 11, 13, and 15 after bacterial injections). In the chronic phase of brucellosis, ten doses of drugs and nanoparticle were administered intraperitoneally 5 weeks after bacterial injection (once daily).
One day after the last injection of the drug and nanodrugs, the rats were euthanized. The liver and spleen were extracted and weighted in observance of sterile conditions. Tissues were homogenized using sterile physiological serum. Different dilutions were prepared from the suspension and cultured on Brucella agar medium and incubated for 4 days at 37°C with 5% of CO2. The number of bacterial colonies that had grown was then counted and recorded (Hosseini et al., 2019b; Ghaderkhani et al., 2019).
Statistical Analysis
Due to the fact that our data are non-parametric, Kruskal–Wallis test was used to compare the number of bacterial colonies grown between groups in the acute and chronic stages. All statistical tests were performed at the 0.05 level of confidence.
RESULTS
Physicochemical Characterization of Nanoparticles (Size, PDI, and Zeta Potential)
Depending on the lipid and surfactant used, the duration of homogenization, and strength of the ultrasound probe, the properties of nanoparticles differ (Table 1). The mean size and optimum PDI for the nanoparticles used for the rest of the study were 214.3 ± 25 and 0.385 ± 0.02, respectively. The zeta potential of the optimum nanoparticle was −18.7 mV (Figures 1, 2).
TABLE 1 | Materials used in some formulations.
[image: Table 1][image: Figure 1]FIGURE 1 | DLS results: size and PDI of DOX-HCQ-SLN.
[image: Figure 2]FIGURE 2 | DLS results: zeta Potential of DOX-HCQ-SLN.
Encapsulation and Drug Loading
The encapsulation rate of doxycycline and hydroxychloroquine in the synthesized nanoparticles was 95.8 and 92.5%, respectively. The mean drug load in different formulations was 12.79%. In optimum formulation, the amount loaded was 17.7% (Table 2).
TABLE 2 | Properties of DOX-HCQ-SLN
[image: Table 2]FE-SEM Microscopy
The results of electron microscopy showed that the synthesized nanoparticles were morphologically spherical and had a smooth surface with homogeneous polydispersity (Figure 3).
[image: Figure 3]FIGURE 3 | Field emission scanning electronic microscope images of DOX-HCQ-SLN.
DSC Analysis and Fourier-Transform Infrared Spectroscopy Analysis
DSC analysis was used to investigate the melting behavior of DOX-HCQ-SLN. Thermograms of DOX-HCQ-SLN, palm oil, free doxycycline, free hydroxychloroquine, and [free doxycycline and free hydroxychloroquine (physical mixture)], shown in Figure 4. As shown in Figure 4, the DSC thermogram shows the melting process of palm oil at 63°C. The melting points of the physical mixture and DOX-HCQ-SLN contained cadmium-telluride quantum dots are similar to the melting point of the palm oil. In the DSC thermograms of doxycycline and hydroxychloroquine, a sharp endothermic peak was seen at 230 and 250°C. While these points in other compounds show a small melting point for physical mixture and DOX-HCQ-SLN. Note that no any significant change was observed in the endothermic peak positions of doxycycline, hydroxychloroquine, physical mixture, and DOX-HCQ-SLN. The absence of a sharp melting peak of DOX-HCQ-SLN thermogram suggests that no free drug crystal remained in the synthesized nanoparticles.
[image: Figure 4]FIGURE 4 | DSC thermograms of nanoparticle components.
The FTIR spectra of doxycycline, hydroxychloroquine, palm oil, and DOX-HCQ-SLN are shown in Figure 5. According to Figure 5, it can be seen that DOX-HCQ-SLN absorption peaks are consistent with the basic ingredients of nanoparticles (palm oil, antibiotics, and surfactant), and new absorption peaks were not seen indicating a new functional group or bond. However, a small change in the oil melting process was observed in the physical mixture.
[image: Figure 5]FIGURE 5 | FTIR spectra of nanoparticle components.
Nanoparticle Stability
Examination of stability of nanoparticles at different times showed that the synthesized optimum formulation was still stable after 6 months. After 9 months, the synthesized nanoparticles did not change in terms of color and turbidity. However, an increase in PDI was observed. The size also changed from 214.3 to 258.3 (20.53%) Table 3.
TABLE 3 | Stability of DOX-HCQ-SLN
[image: Table 3]Drug Release
The release test was performed for Free DOX, Free HCQ, and DOX-HCQ-SLN over a period of 120 h (pH: 7.4, PBS buffer). In the first 20 h, there was a very rapid release in free DOX and free HCQ (about 60% of the total drug). During this time, only 10% of the drug was released from DOX-HCQ-SLN. Overall, it took 100 h for 82% of the drug to be released from DOX-HCQ-SLN (Figure 6).
[image: Figure 6]FIGURE 6 | Release test of DOX-HCQ-SLN, free doxycycline, and hydroxychloroquine.
Toxicity of DOX-HCQ-SLN
The results of toxicity study showed that up to a concentration of 100 μg/ml of various formulations had no toxic effect on cells. In this study, there was no significant difference between synthesized nanoparticles with free drug in terms of effect on cells (p > 0.5). Free SLN, which included palm oil, poloxamer407, and Tween 80, had no toxic effect on cells up to 400 mg/ml (Figure 7). The dose used in antibacterial studies in in vitro and in vivo conditions was much lower than the concentrations used in the toxicity study.
[image: Figure 7]FIGURE 7 | Effect of NPs and free drugs on J774A.1 cells.
Antibacterial Study
Different concentrations of free drugs and nanodrugs were used in this experiment. Well diffusion and MIC findings showed that there was no significant difference between nanodrugs and free drug in terms of inhibiting bacterial growth (p > 0.5). Free DOX and Free HCQ performed better than DOX-HCQ-SLN in the first 24 h. Bacterial inhibition in 72 h after treatment was approximately the same for DOX-HCQ-SLN and Free drugs. The minimum inhibitory concentrations of DOX-HCQ-SLN and free drugs were close after 72 h and there was no statistically significant difference (p > 0.05, Figure 8).
[image: Figure 8]FIGURE 8 | Results of MIC test in different times.
Intracellular Study
The results of cell treatment with different concentrations of free drugs and nanodrugs showed that DOX-HCQ-SLN had the greatest effect on bacteria enclosed macrophages. The use of 100 μg/ml reduced the number of bacterial colonies to 3.5 log compared to the control group, which reduced it by 6.5 log. Comparison of treatment groups showed that there was a significant difference between DOX-HCQ-SLN and DOX-SLN in reducing the number of bacteria with Free DOX-HCQ and Free DOX (p < 0.5). Importantly, Free HCQ and HCQ-SLN alone had little effect on reducing the number of bacteria (Table 4). The entry of the bacteria and labeled nanoparticles into the cell is shown in Figure 9.
TABLE 4 | Comparison between free drugs and NPs against B. melitensis inside J774A.1 cells.
[image: Table 4][image: Figure 9]FIGURE 9 | (A) Bacteria inside the macrophage. (B) Labeled NPs inside the macrophage.
RESULTS OF ANIMAL STUDIES
The number of bacterial colonies in the spleen and liver was counted in the acute and chronic stages of the disease. There was a statistically significant decrease in the number of bacterial colonies in the spleen and liver between the treated groups DOX-HCQ-SLN, DOX-SLN, Free Doxycycline, and Free DOX-HCQ (Mix) compared to the untreated group in the acute phase (p < 0.5). HCQ-SLN did not reduce the number of bacterial colonies compared to the untreated group (p > 0.05, Table 5). In the chronic phase, unlike the acute phase of the disease, DOX-HCQ-SLN had the greatest effect on reducing the number of bacterial colonies in the spleen and liver. This difference was statistically significant compared to other groups (p < 0.05, Table 6).
TABLE 5 | In vivo efficacy of NPs and free drugs against B. melitensis in the acute phase.
[image: Table 5]TABLE 6 | In vivo efficacy of NPs and free drugs against B. melitensis in the chronic phase.
[image: Table 6]DISCUSSION
Nowadays, the treatment of most diseases caused by intracellular bacteria is difficult, despite widespread advances in the development and the effectiveness of antimicrobial drugs. Most drug combinations in the treatment of brucellosis have shown good results; however, due to the presence of brucellosis inside the host cells, relapse is seen to varying degrees (Edathodu et al., 2021). The aim of this study was to evaluate the therapeutic effect of solid lipid nanoparticles conjugated with cadmium-telluride quantum dot loaded with doxycycline and hydroxychloroquine antibiotics on Brucella melitensis in vitro and in vivo. The technique used to synthesize nanoparticles in this study was the double emulsion/melt dispersion method. This method is a simple, inexpensive, reproducible technique, requiring organic solvents and limited use of surfactants (Mazur et al., 2019). Due to the fact that the purpose of nanoparticle synthesis in this study was to transfer the drug into macrophages and cells containing bacteria, the properties of nanoparticles were very important. The size of the optimum formulation, PDI, and zeta potential was 214.3 ± 25 nm, 0.385 ± 0.02, and −18.7 mV, respectively. The appropriate size for phagocytosis of nanoparticles by macrophages is between 200 and 600 nm (Kanchan and Panda, 2007). A PDI close to zero indicates uniformity in the size of nanoparticles. High potential zeta increases the stability of nanoparticles during treatment. In the present study, increasing the homogenization time with medium speed, at a temperature of 5–10°C above the melting point of lipid, led to the production of homogeneous micro emulsions. Also, a 5-min increase in homogenization decreased PDI. This finding is consistent with the results of a study by Ghaderkhani et al. (2019) and Liu et al. (2008). In general, the methods of nanoparticle synthesis can be different depending on the purpose of nanoparticle synthesis. Increasing the sonication time can reduce the PDI. In the present study, the nanoparticle size increased after lyophilization. Zeta potential is an important physicochemical parameter that affects the stability of nanostructures. A minimum zeta potential of 10 mV is considered suitable in nanomedicine (Smith et al., 2017). In the present study, zeta potential of nanoparticles was equal to −18.7 mv.
The amount of drug loading and encapsulation in nanoparticles is very important in drug delivery. The findings of the present study showed that the encapsulation and load of doxycycline antibiotics were 95.8 and 19.1%, respectively, while the encapsulation and load of hydroxychloroquine were 92.5 and 16.3%, respectively. Due to the fact that hydroxychloroquine had less solubility than doxycycline, it had a lower load and encapsulation rate. In general, the synthesis method and materials used in the synthesis of nanoparticles have a direct effect on the amount of drug loading and encapsulation. Another important point in the synthesis of nanoparticles is whether the drug is lipophilic or hydrophilic. In the study of Ghaderkhani et al. (2019), rifampin was used to treat brucellosis. Due to the fact that rifampin is a lipophilic drug, a modified microemulsion/sonication method was used to synthesize solid lipid nanoparticle. Their results showed that the loading and encapsulation rate of antibiotics was equal to 97.87 and 34.2%, which is higher than the results of our study. This discrepancy may be due to the structure of the drug because doxycycline is a hydrophilic and rifampin is a lipophilic antibiotic. Various methods have been used to encapsulate hydrophilic drugs, including the modified solvent removal method, hot homogenization and ultrasonication method, and high shear homogenization-ultrasonication method (Patel et al., 2012; Mahardika et al., 2018; Cao et al., 2019). However, the double emulsion method had a higher encapsulation rate than the other methods.
According to the DSC results, it was shown that the drug was molecularly located within the lipid matrix. The disappearance of the peak related to doxycycline and hydroxychloroquine on the DSC thermogram in the synthesized nanoparticle indicates drug interaction with lipid, because lipids tend to dissolve the drug at 65°C. There were no functional peaks or interactions between the nanoparticle components in the FTIR study. The difference between the materials and the solid lipid nanoparticles loaded with the synthesized drug is in the intensity of the peaks. These findings show the stability of the main structure of the drug in the synthesis process. Particle size determination is the best indicator of stability and is used in product evaluation. In solid lipid nanoparticles, the stability is based on the zeta potential (Zielińska et al., 2020). Some of this stability may be due to the preservation of nanoparticles in the original intrinsic state of the particles due to the selection of suitable surfactants. Proper ratio of surfactant and preparation method leads to the synthesis of stable solid lipid nanoparticles. In the present study, the PDI and size was almost constant after 9 months and had little change. But after 9 months, we had a 20.5% increase in nanoparticle size. This increase in size is acceptable because the purpose of using these nanoparticles was phagocytosis by macrophages. Ghaderkhani et al. (2019) investigated the stability of nanoparticles for 9 months after lyophilization, which reported an increase in the size of nanoparticles from 321.7 to 384.3 nm. In the study of Dong et al. (Liu et al., 2014), the stability of the synthesized nanoparticles was investigated for 6 months, in which the zeta potential and drug load were constant but an increase was observed in size.
One of the most important objectives of the present study was the slow release of the drug from the nanodrug. The results showed that it takes 100 h for almost 80% of the drug to be released from the synthesized nanoparticles. The lipid matrix, the concentration of surfactants and co-surfactants, and the parameters involved in the production of solid lipid nanoparticles loaded with doxycycline and hydroxychloroquine are important and effective factors in drug release from nanoparticles. The smaller size of the nanoparticles also reduces the release time of the drug, which is due to the greater contact of the nanoparticle surface.
Well diffusion and MIC findings showed that there was no statistically significant difference in the effect of free drug and synthesized nanodrug on Brucella melitensis. Because bacteria are directly exposed to the drug in these methods, free drug had a better effect than the nanodrug in the first 24–48 h. But after 72 h, the zone diameter in well diffusion and minimum inhibitory concentration were almost equal for nanodrug and free drug. In the study of Golmoradzadeh et al. (Fazly Bazzaz et al., 2016), it was shown that solid lipid nanoparticles loaded with rifampin inhibit the biofilm formed by Staphylococcus epidermidis at different times and in different concentrations. Another study found that nanodrugs were twice as effective on Brucella abortus as free drugs (Ghaderkhani et al., 2019). Unlike well diffusion and MIC tests, in which the bacterium is directly exposed to antibiotics, in the cell study, the bacterium is located inside the macrophage and the antibiotic does not come into direct contact with the bacteria. Therefore, our findings showed that DOX-HCQ-SLN had a better effect on bacteria in macrophages than free drug. Due to the fact that hydroxychloroquine changes the environment inside the phagosome from acidic to alkaline conditions, the slow release of doxycycline and the better efficacy of this antibiotic in alkaline conditions had a significant effect on the elimination of Brucella melitensis. In a study by Majzoobi et al. (2018), it was found that the concomitant use of hydroxychloroquine with routine drugs used to treat brucellosis was more effective than the use of routine brucellosis drugs alone. The results of this study showed that the duration of drug release from nanodrug has the greatest effect on bacteria inside the macrophage. Decreased drug release led to increase in the effect of the drug and prevented antibiotic resistance. Nanoparticles were also labeled using cadmium-telluride quantum dot to ensure that nanoparticles entered the macrophages.
Wistar rat was used to evaluate the effect of nanodrug on the animal models. This animal was selected for in vivo studies because it is resistant to brucellosis and is easy to work with. Brucella proliferation was observed during the first week after infection (Olsen, 2000). It then leads to a systemic and acute infection, in which the infection slowly multiplies so that it enters a chronic phase from the third week and remains in the spleen and liver for the first 5–6 weeks after inoculation (Hosseini et al., 2019b). They can be isolated up to 2 months after infection. The results showed that DOX-HCQ-SLN had a better effect on disease recovery than the free drug in the animal model. After injecting three doses of DOX-HCQ-SLN and Free drug in the acute phase, none of them could completely eliminate the bacteria from the liver and spleen. However, the number of Brucella melitensis colonies decreased significantly after treatment with DOX-HCQ-SLN compared to free drug. HCQ-SLN alone did not reduce the number of bacterial colonies in the spleen and liver, but, in general, all of the nanoparticles and even free drug reduced the number of bacterial colonies in the spleen and liver compared to the control group (untreat).
Results were different in the chronic and acute phases. In the DOX-HCQ-SLN–treated rat group, bacteria did not grow on 50% of the spleens and livers from the third dose onward until the last dose (spleens and livers were sterilized). But in the group that received the free drug, none of the spleen and liver was free of bacteria.
Reduction of colony count by drug-loaded lipid nanoparticles in both phases compared to free drug indicates phagocytosis of drug-loaded lipid nanoparticles by macrophages of these two organs. This means that the nanodrug has been able to prevent inactivation of the drug in lysosomal vacuoles within the cell. Due to the nature of the nanodrug matrix (lipid), this compound can cross the walls of the vacuoles and kill bacteria within the cytoplasm. The findings show that the activity and proliferation of bacteria occurs in the acute phase inside and outside the cell, so in this phase, the drug-loaded solid lipid nanoparticles have a similar effect on bacteria as the free drug. On the other hand, in the chronic phase, as the bacterial proliferation decreases, the efficiency of the drug-loaded solid lipid nanoparticles increases at this stage. The main difference between the results of this study and other similar studies is the disease phase. In the present study, the chronic phase of the disease has been investigated, while most studies have examined the treatment in the acute phase of the disease. Lecaroz et al. (2006) examined the microsphere-loaded gentamicin antibiotic on Brucella melitensis and showed that the synthesized nanoparticles could reduce the number of bacteria in the acute phase of the disease. Seleem et al. (2009) prepared nanoparticles for loading doxycycline and streptomycin to affect Brucella melitensis in vivo, the results of which were similar to those of the present study in the acute phase of the disease. Jain-Gupta et al. (2013) and Imbuluzqueta et al. (2013) conducted a study in the chronic and acute phase of brucellosis, respectively. In line with the present study, the researchers examined gentamicin-containing nanoparticles to reduce the number of Brucella melitensis bacteria in the spleen and liver. In another study (Ghaderkhani et al., 2019), oral injection of solid lipid nanoparticles loaded with rifampin resulted in the shelf life of these nanoparticles in the lung, liver, and spleen being up to 10 days and, in plasma, up to 8 days, compared with free rifampin (one to 2 days) in the blood.
CONCLUSION
Synthesis of drug-loaded solid lipid nanoparticles using the double emulsion method resulted in optimal size, good encapsulation efficiency, long-term release, and optimal stability. The results of this study show that at similar concentrations and conditions, drug-loaded nanoparticles were more effective than free drug in terms of reducing the number of Brucella melitensis bacteria. It was shown that solid lipid nanoparticles are a suitable carrier for the Brucella melitensis treatment. Therefore, nanoformulating this drug can increase its effectiveness and eliminate its side effects in free form. Loading antibiotics into solid lipid nanoparticles can increase solubility, reduce cytotoxicity, and improve treatment. However, additional studies are recommended for the preparation of solid lipid nanoparticles containing doxycycline and hydroxychloroquine and other antibiotics involved in the treatment of brucellosis. The overall results of this study suggest that antibiotic-loaded solid lipid nanoparticles pose a promising and alternative strategy for the selective drug delivery of doxycycline to macrophages. The results of this study represent a promising concept that ultimately opens up new avenues in the fight against one of the most pathogenic infectious diseases worldwide. Finally, it is suggested that these nanoparticles be used on animals such as sheep and goats with brucellosis.
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 Akova, M., GüR, D., Livermore, D. M., KocagöZ, T., and Akalin, H. E. (1999). In Vitro activities of Antibiotics Alone and in Combination against Brucella Melitensis at Neutral and Acidic pHs. Antimicrob. Agents Chemother. 43, 1298–1300. doi:10.1128/aac.43.5.1298
 Arshad, R., Pal, K., Sabir, F., Rahdar, A., Bilal, M., Shahnaz, G., et al. (2021a). A Review of the Nanomaterials Use for the Diagnosis and Therapy of salmonella Typhi. J. Mol. Struct. 1230, 129928. doi:10.1016/j.molstruc.2021.129928
 Arshad, R., Tabish, T. A., Kiani, M. H., Ibrahim, I. M., Shahnaz, G., Rahdar, A., et al. (2021b). A Hyaluronic Acid Functionalized Self-Nano-Emulsifying Drug Delivery System (SNEDDS) for Enhancement in Ciprofloxacin Targeted Delivery against Intracellular Infection. Nanomaterials 11, 1086. doi:10.3390/nano11051086
 Bardajee, G. R., Bayat, M., Nasri, S., and Vancaeyzeele, C. (2018). pH-Responsive Fluorescent Dye-Labeled Metal-Chelating Polymer with Embedded Cadmium telluride Quantum Dots for Controlled Drug Release of Doxorubicin. Reactive Funct. Polym. 133, 45–56. doi:10.1016/j.reactfunctpolym.2018.09.008
 Becker Peres, L., Becker Peres, L., de Araújo, P. H. H., and Sayer, C. (2016). Solid Lipid Nanoparticles for Encapsulation of Hydrophilic Drugs by an Organic Solvent Free Double Emulsion Technique. Colloids Surf. B: Biointerfaces 140, 317–323. doi:10.1016/j.colsurfb.2015.12.033
 Boyd, B. J., Bergström, C. A. S., Vinarov, Z., Kuentz, M., Brouwers, J., Augustijns, P., et al. (2019). Successful Oral Delivery of Poorly Water-Soluble Drugs Both Depends on the Intraluminal Behavior of Drugs and of Appropriate Advanced Drug Delivery Systems. Eur. J. Pharm. Sci. 137, 104967. doi:10.1016/j.ejps.2019.104967
 Brodusch, N., Demers, H., and Gauvin, R. (2018). Field Emission Scanning Electron Microscopy: New Perspectives for Materials Characterization. Springer. doi:10.1007/978-981-10-4433-5
 Cao, C., Wang, Q., and Liu, Y. (2019). Lung Cancer Combination Therapy: Doxorubicin and &beta;-Elemene Co-loaded, pH-Sensitive Nanostructured Lipid Carriers. Drug. Des. Devel. Ther Vol. 13, 1087–1098. doi:10.2147/dddt.s198003
 Chen, L., Ahmed, A. M. Q., Deng, Y., Cao, D., Du, H., Cui, J., et al. (2019). Novel Triptorelin Acetate-Loaded Microspheres Prepared by a Liquid/oil/oil Method with High Encapsulation Efficiency and Low Initial Burst Release. J. Drug Deliv. Sci. Technol. 54, 101390. doi:10.1016/j.jddst.2019.101390
 Edathodu, J., Alamri, M., Alshangiti, K. A., Alfagyh, N. S., Alnaghmush, A. S., Albaiz, F., et al. (2021). Clinical Manifestations and Treatment Outcomes of Human Brucellosis at a Tertiary Care center in Saudi Arabia. Ann. Saudi Med. 41, 109–114. doi:10.5144/0256-4947.2021.109
 Espinel-Ingroff, A., Abreu, Dpb., Almeida-Paes, R., Brilhante, Rsn., Chakrabarti, A., Chowdhary, A., et al. (2017). Multicenter, International Study of MIC/MEC Distributions for Definition of Epidemiological Cutoff Values for Sporothrix Species Identified by Molecular Methods. Antimicrob. Agents Chemother. 61, e01057–17. doi:10.1128/AAC.01057-17
 Fazly Bazzaz, B. S., Khameneh, B., Zarei, H., and Golmohammadzadeh, S. (2016). Antibacterial Efficacy of Rifampin Loaded Solid Lipid Nanoparticles against Staphylococcus Epidermidis Biofilm. Microb. pathogenesis 93, 137–144. doi:10.1016/j.micpath.2015.11.031
 Fernandes, A. R., Santos, T. D., Granja, P. L., Sanchez-Lopez, E., Santini, A., Garcia, M. L., et al. (2021). DABCO-customized Nanoemulsions: Characterization, Cell Viability and Genotoxicity in Retinal Pigmented Epithelium and Microglia Cells. Pharmaceutics 13, 1652. doi:10.3390/pharmaceutics13101652
 Franc, Ka., Krecek, Rc., Häsler, Bn., and Arenas-Gamboa, Am. (2018). Brucellosis Remains a Neglected Disease in the Developing World: a Call for Interdisciplinary Action. BMC public health 18, 125–129. doi:10.1186/s12889-017-5016-y
 Ghaderkhani, J., Yousefimashouf, R., Arabestani, M., Roshanaei, G., Asl, S. S., and Abbasalipourkabir, R. (2019). Improved Antibacterial Function of Rifampicin-Loaded Solid Lipid Nanoparticles on Brucella Abortus. Artif. Cell nanomedicine, Biotechnol. 47, 1181–1193. doi:10.1080/21691401.2019.1593858
 Gupta, B., Poudel, B. K., Pathak, S., Tak, J. W., Lee, H. H., Jeong, J.-H., et al. (2016). Effects of Formulation Variables on the Particle Size and Drug Encapsulation of Imatinib-Loaded Solid Lipid Nanoparticles. Aaps Pharmscitech 17, 652–662. doi:10.1208/s12249-015-0384-z
 Hasanein, P., Rahdar, A., Barani, M., Baino, F., and Yari, S. (2021). Oil-in-water Microemulsion Encapsulation of Antagonist Drugs Prevents Renal Ischemia-Reperfusion Injury in Rats. Appl. Sci. 11, 1264. doi:10.3390/app11031264
 Hashemi, S. H., Gachkar, L., Keramat, F., Mamani, M., Hajilooi, M., Janbakhsh, A., et al. (2012). Comparison of Doxycycline-Streptomycin, Doxycycline-Rifampin, and Ofloxacin-Rifampin in the Treatment of Brucellosis: a Randomized Clinical Trial. Int. J. Infect. Dis. 16, e247–e251. doi:10.1016/j.ijid.2011.12.003
 Hayat, Z., Khan, H., Ahmad, I., Habib, H., and Hayat, K. (2018). Antibiotics in the Management of Brucellosis. Gomal J. Med. Sci. 16, 114–116.
 Hosseini, Sm., Abbasalipourkabir, R., Jalilian, Fa., Asl, Ss., Farmany, A., Roshanaei, G., et al. (2019a). Doxycycline-encapsulated Solid Lipid Nanoparticles as Promising Tool against Brucella Melitensis Enclosed in Macrophage: a Pharmacodynamics Study on J774A.1 Cell Line. Antimicrob. Resist. Infect. Control. 8, 62–12. doi:10.1186/s13756-019-0504-8
 Hosseini, Sm., Farmany, A., Abbasalipourkabir, R., Soleimani Asl, S., Nourian, A., and Arabestani, Mr. (2019b). Doxycycline-encapsulated Solid Lipid Nanoparticles for the Enhanced Antibacterial Potential to Treat the Chronic Brucellosis and Preventing its Relapse: In Vivo Study. Ann. Clin. Microbiol. Antimicrob. 18, 33–10. doi:10.1186/s12941-019-0333-x
 Hosseini, S. M., Farmany, A., and Arabestani, M. R. (2020). Effect of Doxycycline-Loaded Solid Lipid Nanoparticles on Serum Level of Trace Elements, Biochemical and Hematological Parameters in Acute and Chronic Brucellosis. Biol. Trace Elem. Res. 194, 463–471. doi:10.1007/s12011-019-01798-0
 Hosseini, S. M., Karami, P., Kazemian, H., Karimitabar, Z., Mohamadi Bardbari, A., Khaledi, A., et al. (2017). Relationship between Antibiotic Resistance with Spa Gene Polymorphism Coding Protein A and its Typing with PCR-RFLP Technique in S. aureus Isolated from Foodstuffs. Avicenna J. Clin. Microbiol. Infect. 4, 12105. doi:10.5812/ajcmi.12105
 Hull, N. C., and Schumaker, B. A. (2018). Comparisons of Brucellosis between Human and Veterinary Medicine. Infect. Ecol. Epidemiol. 8, 1500846. doi:10.1080/20008686.2018.1500846
 Imbuluzqueta, E., Gamazo, C., Ariza, J., and Blanco-Prieto, M. J. (2010). Drug Delivery Systems for Potential Treatment of Intracellular Bacterial Infections. Front. Biosci. (Landmark Ed) 15, 397–417.
 Imbuluzqueta, E., Gamazo, C., Lana, H., Campanero, M. Á., Salas, D., Gil, A. G., et al. (2013). Hydrophobic Gentamicin-Loaded Nanoparticles Are Effective against Brucella Melitensis Infection in Mice. Antimicrob. Agents Chemother. 57, 3326–3333. doi:10.1128/aac.00378-13
 Iorhemen, R. T., Iorhemba, A. M., Sambo, R. E., and Nande, W. U. (2017). Spectrophotometric Determination of Paracetamol in Drug Formulations with 1 - Naphthol. Ijac 5, 86–90. doi:10.14419/ijac.v5i2.8313
 Jain-Gupta, N., Pothayee, N., Pothayee, N., Tyler, R., Caudell, D. L., Balasubramaniam, S., et al. (2013). Efficacies of Gentamicin-Loaded Magnetite Block Ionomer Complexes against Chronic Brucella Melitensis Infection. J. nanoparticle Res. 15, 1–13. doi:10.1007/s11051-013-2024-4
 Kadim, A. M. (2019). Applications of Cadmium Telluride (CdTe) in Nanotechnology.”in Nanomaterials-Toxicity. Human Health and Environment . 
 Kalpana, V., and Devi Rajeswari, V. (2018). A Review on Green Synthesis, Biomedical Applications, and Toxicity Studies of ZnO NPs. Bioinorganic chemistry and applications, 12. doi:10.1155/2018/3569758
 Kamga, R. M. N., Silatsa, B. A., Farikou, O., Kuiate, J. R., and Simo, G. (2020). Detection of Brucella Antibodies in Domestic Animals of Southern Cameroon: Implications for the Control of Brucellosis. Vet. Med. Sci. 6, 410–420. doi:10.1002/vms3.264
 Kanchan, V., and Panda, A. K. (2007). Interactions of Antigen-Loaded Polylactide Particles with Macrophages and Their Correlation with the Immune Response. Biomaterials 28, 5344–5357. doi:10.1016/j.biomaterials.2007.08.015
 Kumar, P., Nagarajan, A., and Uchil, P. D. (2018). Analysis of Cell Viability by the MTT Assay. Cold spring harbor protocols. pdb. prot095505. doi:10.1101/pdb.prot095505
 Lecaroz, C., Blanco-Prieto, M. J., Burrell, M. A., and Gamazo, C. (2006). Intracellular Killing of Brucella Melitensis in Human Macrophages with Microsphere-Encapsulated Gentamicin. J. Antimicrob. Chemother. 58, 549–556. doi:10.1093/jac/dkl257
 Liu, D., Chen, L., Jiang, S., Zhu, S., Qian, Y., Wang, F., et al. (2014). Formulation and Characterization of Hydrophilic Drug Diclofenac Sodium-Loaded Solid Lipid Nanoparticles Based on Phospholipid Complexes Technology. J. liposome Res. 24, 17–26. doi:10.3109/08982104.2013.826241
 Liu, W., Hu, M., Liu, W., Xue, C., Xu, H., and Yang, X. (2008). Investigation of the Carbopol Gel of Solid Lipid Nanoparticles for the Transdermal Iontophoretic Delivery of Triamcinolone Acetonide Acetate. Int. J. pharmaceutics 364, 135–141. doi:10.1016/j.ijpharm.2008.08.013
 Mahardika, M., Abral, H., Kasim, A., Arief, S., and Asrofi, M. (2018). Production of Nanocellulose from Pineapple Leaf Fibers via High-Shear Homogenization and Ultrasonication. Fibers 6, 28. doi:10.3390/fib6020028
 Majzoobi, M. M., Hashemi, S. H., Mamani, M., Keramat, F., Poorolajal, J., and Ghasemi Basir, H. R. (2018). Effect of Hydroxychloroquine on Treatment and Recurrence of Acute Brucellosis: a Single-Blind, Randomized Clinical Trial. Int. J. Antimicrob. Agents 51, 365–369. doi:10.1016/j.ijantimicag.2017.08.009
 Mazur, K. L., Feuser, P. E., Valério, A., Poester Cordeiro, A., De Oliveira, C. I., Assolini, J. P., et al. (2019). Diethyldithiocarbamate Loaded in Beeswax-Copaiba Oil Nanoparticles Obtained by Solventless Double Emulsion Technique Promote Promastigote Death In Vitro. Colloids Surf. B: Biointerfaces 176, 507–512. doi:10.1016/j.colsurfb.2018.12.048
 Müsellim, E., Tahir, M. H., Ahmad, M. S., and Ceylan, S. (2018). Thermokinetic and TG/DSC-FTIR Study of Pea Waste Biomass Pyrolysis. Appl. Therm. Eng. 137, 54–61. doi:10.1016/j.applthermaleng.2018.03.050
 Nguyen, K. C., Zhang, Y., Todd, J., Kittle, K., Patry, D., Caldwell, D., et al. (2019). Biodistribution and Systemic Effects in Mice Following Intravenous Administration of Cadmium telluride Quantum Dot Nanoparticles. Chem. Res. Toxicol. 32, 1491–1503. doi:10.1021/acs.chemrestox.8b00397
 Olsen, Sc. (2000). Immune Responses and Efficacy after Administration of a Commercial Brucella Abortus Strain RB51 Vaccine to Cattle. Vet. Ther. 1, 183–191.
 Paliwal, R., Paliwal, S. R., Kenwat, R., Kurmi, B. D., and Sahu, M. K. (2020). Solid Lipid Nanoparticles: A Review on Recent Perspectives and Patents. Expert Opin. Ther. patents 30, 179–194. doi:10.1080/13543776.2020.1720649
 Patel, R. S., Cho, D. Y., Tian, C., Chang, A., Estrellas, K. M., Lavin, D., et al. (2012). Doxycycline Delivery from PLGA Microspheres Prepared by a Modified Solvent Removal Method. J. microencapsulation 29, 344–352. doi:10.3109/02652048.2011.651499
 Rahdar, A., Hasanein, P., Bilal, M., Beyzaei, H., and Kyzas, G. Z. (2021). Quercetin-loaded F127 Nanomicelles: Antioxidant Activity and protection against Renal Injury Induced by Gentamicin in Rats. Life Sci. 276, 119420. doi:10.1016/j.lfs.2021.119420
 Sánchez-López, E., Egea, M. A., Cano, A., Espina, M., Calpena, A. C., Ettcheto, M., et al. (2016). PEGylated PLGA Nanospheres Optimized by Design of Experiments for Ocular Administration of dexibuprofen-In Vitro, Ex Vivo and In Vivo Characterization. Colloids Surf. B Biointerfaces 145, 241–250. doi:10.1016/j.colsurfb.2016.04.054
 Seleem, M. N., Jain, N., Pothayee, N., Ranjan, A., Riffle, J. S., and Sriranganathan, N. (2009). TargetingBrucella Melitensiswith Polymeric Nanoparticles Containing Streptomycin and Doxycycline. FEMS Microbiol. Lett. 294, 24–31. doi:10.1111/j.1574-6968.2009.01530.x
 Shoukat, S., Wani, H., Ali, U., Para, P. A., Ara, S., and Ganguly, S. (2017). Brucellosis: A Current Review Update on Zoonosis. J. Immunol. Immunopathol. 19, 61–69.
 Smith, Ep., Cotto-Rosario, A., Borghesan, E., Held, K., Miller, Cn., and Celli, J. (2020). Epistatic Interplay between Type IV Secretion Effectors Engages the Small GTPase Rab2 in the Brucella Intracellular Cycle. Mbio 11, e03350–19. doi:10.1128/mBio.03350-19
 Smith, M. C., Crist, R. M., Clogston, J. D., and Mcneil, S. E. (2017). Zeta Potential: a Case Study of Cationic, Anionic, and Neutral Liposomes. Anal. Bioanal. Chem. 409, 5779–5787. doi:10.1007/s00216-017-0527-z
 Yan, W., Banerjee, P., Xu, M., Mukhopadhyay, S., Ip, M., Carrigy, N. B., et al. (2021). Formulation Strategies for Bacteriophages to Target Intracellular Bacterial Pathogens. Adv. Drug Deliv. Rev. 176, 113864. doi:10.1016/j.addr.2021.113864
 Yu, M., Yuan, W., Li, D., Schwendeman, A., and Schwendeman, S. P. (2019). Predicting Drug Release Kinetics from Nanocarriers inside Dialysis Bags. J. Controlled Release 315, 23–30. doi:10.1016/j.jconrel.2019.09.016
 Zielińska, A., Ferreira, Nr., Feliczak-Guzik, A., Nowak, I., and Souto, Eb. (2020). Loading, Release Profile and Accelerated Stability Assessment of Monoterpenes-Loaded Solid Lipid Nanoparticles (SLN). Pharm. Dev. Technol. 25, 832–844. doi:10.1080/10837450.2020.1744008
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Hosseini, Farmany, Alikhani, Taheri, Asl, Alamian and Arabestani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-890252-t004.jpg
Treatment

Free SLN

Free Doxycycline

Free Hydroxychloroquine
DOX-SLN

HYD-SLN
DOX-HYD-SLN

Negative control

Concentration (ug/mi)

100 50 25 125 6.25

Mean  LogCFUs  Mean LogCFUs  Mean  LogCFUs  Mean  LogCFUs  Mean  Log CFUs

CFUs  reducion ~ CFUs  reducion ~ CFUs  reduction ~ CFUs  reducton  CFUs reduction

+SEM +SEM +SEM +SEM +SEM
65007 0 65007 o 65007 0 65007 0 65007 0
5.5+0.03 £ 5.7 £0.02 08 58 +0.01 0.7 6.0 +0.03 0.5 6.1 +£0.04 04
6.4.+001 01 64003 01 64000 01 64001 01 64006 01
42 +0.04 23 4.5 +0.05 20 49 +0.01 1.6 5.1 +007 14 5.2 +0.04 1.3
6.4.+001 01 64005 01 64003 01 64006 01 64005 01
35+007 3 387 +0.02 28 38 +0.05 27 4.1 +0.07 24 4.9 +0.09 1.6
65:005 0 65+005 0 65+005 0 65005 0 65+005 0





OPS/xhtml/nav.xhtml
Contents

		Cover

		Co-Delivery of Doxycycline and Hydroxychloroquine Using CdTe-Labeled Solid Lipid Nanoparticles for Treatment of Acute and Chronic Brucellosis		Introduction

		Methods		Materials

		Preparation of Cadmium-Telluride Quantum Dot (CdTe)

		Preparation of Solid Lipid Nanoparticles

		Nanoparticle Characterization

		Determine the Lambda Max (λMax) and Standard Curve of Drugs

		Encapsulation Efficacy and Drug Loading

		DSC Analysis

		FTIR Analysis

		Evaluation of Drug Release

		Physical and Chemical Stability of NPs

		Morphology

		Bacterial Strain, Cell Line and Rat

		Minimum Inhibitory Concentration, Well Diffusion

		MTT Assay

		In Vitro Cellular Infection

		In Vivo Studies: Animal Experiment

		Statistical Analysis





		Results		Physicochemical Characterization of Nanoparticles (Size, PDI, and Zeta Potential)

		Encapsulation and Drug Loading

		FE-SEM Microscopy

		DSC Analysis and Fourier-Transform Infrared Spectroscopy Analysis

		Nanoparticle Stability

		Drug Release

		Toxicity of DOX-HCQ-SLN

		Antibacterial Study

		Intracellular Study





		Results of Animal Studies

		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/fchem-10-890252-t003.jpg
Time (months), 4'C

o 1
Average diameter nm (+SD) 214327 2136+ 25
Polydispersity index 0.385 0.390
Zeta potential (mV = SD) -187 25 -175+23

Appearance (color or turbidity)  Light yellow, no turbidity  Light yellow, no turbicity

3

2256+
0410
-199+27
Light yellow, no turbidity

6

2305 + 31
0405
-176+26
Light yellow, no turbidity

9

258.3 £ 34
0412
-183+25
Light yellow, no turbidity





OPS/images/fchem-10-890252-t006.jpg
Treatment Chronic stage

CFUs Log CFUs reduction CFUs Log CFUs reduction
(Logyo) in spleen (Logso) in liver
Untreated (control) 32003 00 282004 00
DOX-SLN 23+004 09 1.9+003 09
HCQ-SLN 3.02+003 0.18 27002 o1
DOX-HCQ-SLN 1.6+ 001 16 13004 15
Free doxycydline 28005 0.4 24007 04
Free hydroxychloroquine 30+008 02 27 £006 o1
Free DOX-HCQ (Mix) 25004 07 202005 08

Free SLN 3.05 + 0.07 0.15 2.9 +0.04 01





OPS/images/fchem-10-890252-t005.jpg
Treatment

Untreated (control)
DOX-SLN

HCQ-SLN
DOX-HCQ-SLN

Free doxycycline

Free hydroxychloroquine
Free DOX-HCQ (Mix)
Free SLN

Acute stage
CFUs Log CFUs reduction CFUs Log CFUs reduction
(Logyo) in spleen (Logso) in liver
412002 00 39003 00
3.1:008 1.0 292001 1.0
401 +0.06 0.09 381005 o1
25+003 16 212001 18
37 £002 0.4 35004 04
40003 0.1 38001 o1
35006 06 322005 07
4.02 +0.09 0.08 382005 o1





OPS/images/fchem-10-890252-t002.jpg
Formulation PS PDI Zeta Doxycycline  Hydroxychloroquine  Doxycycline  Hydroxychloroquine
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(mv) (%) (%) (%) (%)

Before F1 114.3 0.246 -215 95.5 90.1 165.4 16.1
lyophilization F2 155.8 0.294 -156 98.8 95.0 14.1 132
F3 280.4 0.452 -19.0 96.2 88.3 13.2 129

Fa 2211 0.333 -222 95.3 85.6 16.9 155

F5 2103 0343 -195 97.3 91.6 14.8 114

F6 200.8 0.299 -17.7 92.4 86.8 122 100

F7 2934 0390 -159 91.3 89.9 14.6 99
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They mean that optimum condition for formulation.
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(mg) (mg) il (mg) acid (mg) 407 (mg) (mg) 80 (ml) added (ml)
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F5 50 75 1,200 - 120 - 30 50
F6 60 90 - 1,200 - 120 30 50
F7 75 110 1,500 = 150 40 75
F8 75 110 — 1,500 - 150 40 75

They mean that optimum condition for formulation.
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