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The aim of this study was to prepare polymeric micelles composed of enrofloxacin (ENR) and methoxy poly (ethylene glycol)-poly(lactide) (mPEG-PLLA) using a solvent evaporation method to overcome the solubility-limited oral bioavailability of ENR. The formulation was optimized using a Box–Behnken design (BBD) to obtain ENR polymeric micelles (ENR-m) with high drug loading (DL, %) and entrapment efficiency (EE, %). The physicochemical properties, in vitro drug release, pharmacokinetics, and antibacterial efficacy were evaluated in comparison to pure ENR. ENR-m was successfully prepared and demonstrated satisfactory drug loading (68.38 ± 0.22%), entrapment efficiency (88.40 ± 0.91%), particle size (PS) (133.67 ± 3.10 nm), and polydispersity index (PDI) (0.13 ± 0.03). The ENR-m also exhibited excellent stability under environmental conditions (40°C and 75% relative humidity (RH)). In vitro release of ENR from micelles was accelerated in a PBS solution. A pharmacokinetic study on beagles revealed that the oral bioavailability of ENR-m was enhanced by approximately 1.60-fold compared to pure ENR (p < 0.01) and by 1.66-fold compared to commercially available tablets of ENR (p < 0.01). The antibacterial activity of ENR-m against Escherichia coli (E. coli) and Salmonella typhi (S. typhi) was stronger than that of pure ENR.
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1 Introduction

Enrofloxacin (ENR), chemically known as 1-cyclopropyl-7-(4-ethyl-1-piperazinyl)-6-fluoro-1,4-dihidro-4-oxo-3-quinoline carboxylic acid (Scheme 1A), is a third-generation quinolone antibiotic used exclusively in veterinary medicine. It is used to treat colibacillosis and salmonellosis because of its potent antibacterial activity (1). In animals, in vivo studies of ENR have shown that it has good adsorption and achieves effective drug concentrations in various tissues and organs (2). In veterinary clinical practice, ENR has been approved by the FDA for use in felines and canines (3). The dosing regimens for authorized ENR tablets and injection solutions are as follows: a single oral administration of 5–20 mg/kg body weight (B. W.) and a single intramuscular administration of 2.5 mg/kg B. W., administered twice daily for 2–3 days, respectively (4). It is often necessary to maintain effective plasma concentrations with repeated dosages because of ENR’s poor aqueous solubility (0.23 g/L) (5, 6) and low bioavailability after administration (7). This problem leads to repeated stress, drug-induced side effects, the development of drug resistance, and antibiotic pollution in the environment (8, 9). Therefore, a novel formulation technology with high solubility and bioavailability is required.

[image: (a) A chemical structure of a complex molecule featuring a piperazine ring, fused aromatic rings with a fluorine atom, a cyclopropylamine group, and two carbonyl groups. (b) A polymer structure with repeating units of lactic acid and ethylene oxide, showing repeating m and n units, with a hydroxyl group at one end and a methyl group at the other.]

SCHEME 1
 Structures of (A) ENR and (B) mPEG-PLLA.


Various technologies have been developed to improve drug solubility, including crystal engineering (10), solid dispersion (11), liposomes (12), nanoemulsions (13), micelles, and hydrogels (14). Among them, polymeric micelles can form a new drug delivery system through the self-assembly of amphiphilic polymers in aqueous media. The hydrophobic core of polymeric micelles can improve the solubility of hydrophobic drugs, while the hydrophilic shell protects the encapsulated drug from enzymatic degradation in biological fluids (15). In addition, the hydrated layer formed by the hydrophilic shell creates a steric barrier that hinders plasma protein adsorption onto the micelle surface, thereby reducing phagocytic clearance by immune cells (16). Polyethylene glycol (PEG) is a hydrophilic polymer segment that is generally recognized for its good biocompatibility, high water solubility, and long circulation time following intravenous administration (17). Meanwhile, poly-L-lactic acid (PLLA), a typical hydrophobic polymer segment, has various advantages, such as high biocompatibility, non-toxicity, and good biodegradability (18, 19). Preparing polymeric micelles using methoxy poly (ethylene glycol)-poly(lactide) (mPEG-PLLA) as a carrier has numerous advantages, such as biodegradability, biocompatibility, a long circulation time in the body, structural stability, and a simple preparation method (20–22). Therefore, it has been widely applied as a nanocarrier in the drug delivery system. For instance, pyrinezolid (PZ) micelles exhibit extended blood circulation time and enhanced oral bioavailability. In addition, PZ micelles boost drug exposure in the lungs while reducing it in the liver and kidneys. This suggests that PZ micelles could enhance in-vivo efficacy for patients with MRSA-related pneumonia and reduce potential renal and hepatic toxicities (18). In this study, ENR polymeric micelles (ENR-m) were prepared using the solvent evaporation method with mPEG-PLLA as the carrier (Scheme 1B). Several characterization methods were performed to characterize the ENR-m. The ENR release behavior of ENR-m in vitro and in vivo and its antibacterial activity were also evaluated.



2 Materials and methods


2.1 Materials

Enrofloxacin (ENR, purity ≥ 98%) was procured from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), while Enrofloxacin Standard (purity ≥ 98%) was obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China). ENR commercially available tablets were obtained from Hebei Kexing Pharmaceutical Co., Ltd. (Shijiazhuang, China). mPEG-PLLA was sourced from Daigang Biomaterial Co., Ltd. (Jinan, China). Acetone came from Kemiou Chemical Reagent Co., Ltd. (Tianjin, China), and high - performance liquid chromatography (HPLC) - grade acetonitrile was purchased from Thermo Fisher Scientific (Waltham, USA). All other chemicals and solvents of analytical grade were commercially acquired.

Escherichia coli (E. coli) and Salmonella typhi (S. typhi) strain were sourced from China General Microbiological Culture Collection Center (Beijing, China). Healthy male beagles (weighing 11–16 kg) were obtained from Marshall Biotechnology Co., Ltd. (Beijing, China).



2.2 Preparation of ENR polymeric micelles (ENR-m)

ENR-m were prepared using the solvent evaporation method, as described previously (21), with appropriate modifications. In this method, mPEG-PLLA (3 mg) and ENR (6 mg) were dissolved in 3 mL of acetone (oil phase) using an ultrasonicator (SB5200DT, Ningbo Scientz Biotechnology Co., Ltd., China). The mixture was injected into water (aqueous phase) at a rate of 0.3 mL/min using a syringe pump (LSP01-1A, Baoding Ditron electronic technology Co., Ltd., China), followed by solvent evaporation with a rotary evaporator (RE-52AA, Shanghai Yarong Biochemical Instrument Co., Ltd., China). After complete evaporation, a dried film was obtained. The film was then hydrated with 15 mL of ultrapure water. Finally, the mixture was filtered to remove excessive unencapsulated drug and stored at 4°C for subsequent analysis.



2.3 Drug loading (DL, %) and entrapment efficiency (EE, %)

The DL and EE of the ENR-m formulations were measured using the centrifugation technique described in another report (23). In brief, 1 mL of the ENR-m was centrifuged at 12000 rpm for 10 min to obtain the supernatant. The supernatant was diluted with the mobile phase, and it was demulsified by ultrasound for 10 min. The amount of ENR in the micelles was determined by HPLC at 273 nm. The DL (%) and EE (%) values were determined using the equations described in reference (24), and each sample was assayed in triplicate. The DL (%) and EE (%) of the ENR-m were calculated using the following Equations 1, 2.

DL(%)=amount of drug in the micellestotal micelles weight(drug+polymer)×100%      (1)

EE(%)=amount of drug in the micellestotal amount of drug initially added×100%      (2)



2.4 Screening and optimization of ENR micelles using a Box–Behnken design (BBD)

A three-factor, three-level BBD was employed to optimize the ENR-m. As shown in Supplementary Table S1, three main components were included as independent variables, along with their low, medium, and high levels. DL (%) and EE (%) were used as dependent responses to determine the optimal formulation conditions. Subsequently, Design-Expert® (version 13.0.1.0, State Ease Inc., Minneapolis, MN, USA) was used to generate a 17-run BBD. The optimized blank and ENR micelles were lyophilized at −80°C for pending further analysis.



2.5 Characterization of the ENR-m


2.5.1 Determination of particle size (PS) and the polydispersity index (PDI)

The PS and PDI of the blank micelles and ENR-m were measured in triplicate by dynamic light scattering (DLS) using a Malvern Zetasizer Nano (ZS90, Malvern Instruments Ltd., UK). Each sample was equilibrated at 25°C for 2 min before analysis.



2.5.2 Transmission electron microscopy (TEM)

The morphology of the blank micelles and ENR-m was observed using TEM (Talos L120C, Thermo Fisher Scientific Inc. USA). One drop of the blank micelle and ENR-m solutions was, respectively, placed on a copper grid. After 1 min, the surface water was removed, and a drop of 2 wt% phosphotungstic acid was immediately added. The samples were observed after air drying.



2.5.3 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectrum was collected using an ALPHA FT-IR spectrometer (Bruker, Germany) with KBr pellets. Scanning was performed over a wavenumber range of 4,000–400 cm−1 at a resolution of 0.1 cm−1.




2.6 Accelerated stability test

To assess storage stability, accelerated stability environment testing of the ENR-m was performed. Briefly, ENR-m powders were stored at 40°C. A relative humidity (RH) of 75% was achieved within the stability chamber. An appropriate amount of the ENR-m was taken at 0, 15, 30, and 60 days, and the ENR content was determined by HPLC. DL (%) and EE (%) were used as key indicators.



2.7 In vitro drug release study

The in vitro drug release behavior of ENR and the ENR-m was studied using the dialysis method (25) as follows: the ENR-m (5 mL) and ENR (4.5 mL, equivalent to 5 mL of the ENR-m) were placed in a dialysis bag with a molecular weight cutoff of 12,000 Daltons. The dialysis bag was incubated in 300 mL of phosphate buffer (37°C, pH 6.8) with shaking at approximately 100 rpm. At the predetermined time intervals, 1 mL of the solution was withdrawn from the release medium, and an equal volume of fresh medium was added to maintain the sink condition. The ENR content was quantitatively determined using UV–Vis spectrophotometry (UV-2450, Shimadzu, Japan) at 273 nm. The cumulative release rate (Q%) of ENR and the ENR-m was calculated using the following equation:

(Q%)=V0Cn+Vi∑1n−1CiW×100%

In the above equation, V0 is the total volume of the release medium (mL); Cn is the concentration of enrofloxacin (mg/mL) measured during n time sampling; Vi is the volume of each sampling (mL); Ci is the concentration of enrofloxacin at i time point (mg/mL); W is the total content of enrofloxacin (mg).



2.8 Pharmacokinetics study

A pharmacokinetic study was conducted based on previous research from our laboratory (26). A total of nine healthy male beagles were housed in an environment-controlled room with access to fresh food and water, and they were then randomly divided into three groups (n = 3). The powder samples were suspended in 0.5% CMC-Na, and then the uniform drug suspension was orally administrated to the beagles as a single dose of 10 mg/kg pure ENR, 11.11 mg/kg ENR-m, and 10.42 mg/kg commercial ENR tablets. At 0.083, 0.167, 0.25, 0.583, 0.75, 1, 1.5, 2, 4, 6, 8, 2, and 24 h post-administration, 1 mL of blood was drawn from the forelimb vein. All blood samples were transferred to heparin sodium-anticoagulated tubes and centrifuged at 6000 rpm for 10 min. The resulting supernatant was then collected and stored at −20°C for subsequent analysis. The animal experimental protocol and procedures used in this study were approved by the Animal Care and Use Committee of Hebei Agricultural University (Baoding, China; protocol number 2021058; approval date 28 February 2021) and were conducted in accordance with relevant guidelines and regulations.

Furthermore, 100 μL of plasma was combined with 300 μL of methanol. The mixture was vortexed for 3 min and centrifuged at 12000 rpm for 10 min. Subsequently, the supernatant was filtered and analyzed using HPLC. DAS 2.0 software (Mathematical Pharmacology Professional Committee of China, Shanghai, China) was used to calculate key pharmacokinetic parameters using the non-compartment method. These parameters included the maximum ENR plasma concentration (Cmax), time to reach Cmax (Tmax), half-life (t1/2), and the area under the ENR plasma concentration-time curve (AUC). One-way analysis of variance was performed using SPSS 19.0 to evaluate the significance of differences between the groups.



2.9 HPLC analysis

The ENR concentration was determined using an HPLC system (Model 1,525, Waters Corporation, MA, U. S. A). The setup included a Waters 2,998 PDA detector and a Waters C18 column (5 μm, 4.6 mm × 250 mm). The column was kept at 37°C. The mobile phase, a mixture of 0.025 M aqueous phosphoric acid (pH 2.5 ± 0.1 with triethylamine) and acetonitrile (82:18, v/v), was pumped at a flow rate of 1 mL/min. A total of 20 μL of the sample was injected for analysis.



2.10 In vitro antibacterial study

The agar diffusion method was employed to observe the antibacterial activity of ENR and the ENR-m against E. coli and S. typhi (27). All bacterial strains were cultivated in nutrient broth (Hopebiol Ltd., Shandong, China) and incubated at 37°C for 24 h. A bacterial suspension of each strain (100 μL) was inoculated onto nutrient agar. On each inoculated plate, four stainless steel cylinders (F6621, Beyotime Institute of Biotechnology, Shanghai, China) of the same size (8 × 6 × 10 mm) were placed. ENR and the ENR-m were, respectively, dissolved in NaOH (0.1 mol/L) and sterile water, and the cylinders were filled with the sample solutions (2.5, 5, and 10 μg/mL). NaOH (0.1 mol/L) and sterile water were used as control groups, respectively. The agar plates were incubated at 37°C for 24 h, and a digital caliper was used to measure the diameters of the growth inhibition zones.




3 Results


3.1 Formulation of ENR-m

According to the single-factor experiments, EE (%) and DL (%) showed significant variations with changes in the concentrations of mPEG-PLLA, the water-to-oil ratio, and the feed ratio. In the BBD experiment, a total of 17 runs were conducted to optimize the formulation. The concentration of mPEG-PLLA (A) ranged from 0.1 to 3 mg/mL, the water-to-oil ratio (B) ranged from 10:2 to 10:4, and the feed ratio (mPEG-PLLA: ENR; C) ranged from 1:1 to 1:3. DL (Y1) and EE (Y2) were used as dependent variables (responses). Supplementary Table S2 displays the results of the BBD experiments conducted to evaluate the three independent variables.

The results in Supplementary Tables S3, S4 present the analysis of variance for the two responses. The lack-of-fit test for DL (%) resulted in p = 0.3321 and R2 = 0.9971, while for EE (%), the values were p = 0.4207 (p > 0.05) and R2 = 0.9950. This indicated an excellent goodness of fit at p < 0.0001. The coefficients of variation for DL (%) and EE (%) were 0.87 and 2.48, respectively.

To visualize the effects of the three factors on the drug loading of the ENR-m, response surface analysis was conducted to describe the regression equations that explain the relationship between these factors and the response. Both 2D contour plots and 3D response surface graphs were generated to assess the impact of single and multiple factors on the response (28). As depicted in Figures 1A–C, 2A–C, the 3D response surface graphs show the significant effects of the polymer concentration (A), water-to-oil ratio (B), and feed ratio (C) on the response of DL (%) and EE (%). This is also observed in the corresponding 2D contour plots (Figures 1D–F, 2D–F), which illustrate how the three factors worked together and interacted with each other to influence changes in DL (%) and EE (%).

[image: Six subfigures show 3D surface plots (A, B, C) and contour plots (D, E, F) illustrating the effects on drug loading percentage (DL%). Variables are polymer concentration, water to oil ratio, and feed ratio. The plots use color gradients to show differing DL% levels, with red indicating higher values and blue indicating lower values. Axes in each plot correspond to different variable pairs, demonstrating their influence on DL%.]

FIGURE 1
 3D response surface graphs (A–C) and 2D contour plots (D–F) showing the effects of the different factors on the drug loading content of the ENR-m (%).


[image: Graphs A, B, and C display 3D surface plots showing the relationship between EE percentage and variables like polymer concentration, water-to-oil ratio, and feed ratio. Graphs D, E, and F are 2D contour plots illustrating the same relationships. These visualizations depict how different combinations of variables affect the EE percentage.]

FIGURE 2
 3D response surface graphs (A–C) and 2D contour plots (D–F) showing the effects of the different factors on the encapsulation efficiency of the ENR-m (%).


By analyzing the 2D contour plots and 3D response surface graphs, the optimal formulation conditions were obtained as follows: mPEG-PLLA concentration of 0.17 mg/mL, water-to-oil ratio of 15:3.4 (w/w), and feed ratio of 1:2.4 (w/w). The optimized formulation was prepared. Then, the experimental results were compared with the predicted ones to validate the optimization process. As a result, the predicted values of DL (%) and EE (%) were 68.38 ± 0.22% and 88.40 ± 0.91%, respectively, in the calculated model, which showed no significant difference from the experimental values (p > 0.05). Thus, the BBD optimization of the ENR-m was adequately validated.



3.2 Dynamic light scattering (DLS) and transmission electron microscopy (TEM)

The particle sizes of blank micelles and ENR-m were determined using DLS. The results showed (Supplementary Table S5 and Figures 3A,B) that the average particle sizes of blank micelles and ENR-m were 109.03 ± 4.29 nm and 133.67 ± 3.10 nm, respectively, with an excellent PDI of 0.11 ± 0.07 and 0.13 ± 0.03. The results indicated that ENR-m had a homogeneous micelle system because of the low PDI value (<0.3) (29). The average size of micelles was slightly greater after ENR loading (from 109.03 nm to 133.67 nm).

[image: A series of scientific images. (A) and (B) show graphs of size distribution by volume with a peak around 100 nanometers. (C) and (D) are electron microscope images of blank micelles and ENR-m, respectively, displaying clusters of spherical particles. (E) presents an FTIR spectrum with distinct transmittance peaks for blank micelles, ENR, and ENR-m. (F) is a graph of cumulative release percentage over time for ENR-m and ENR, showing higher release for ENR-m. (G) shows concentration vs. time for ENR, ENR-m, and ENR tablets, with ENR-m exhibiting the highest peak concentration early on.]

FIGURE 3
 Characterization of the ENR-m and improved physicochemical properties of ENR. (A,B) The particle size distribution of the blank micelles and ENR-m; (C,D) TEM images of the blank micelle and ENR-m; (E) FT-IR spectra of ENR, the blank micelles, and the ENR-m; (F) In vitro release profiles of ENR and the ENR-m. (G) Plasma concentration-time profiles of ENR, the ENR-m, and the commercially available tablets after oral administration at 10 mg/kg in the beagles. (mean ± SD, n = 3).


The blank micelle and ENR-m were found to possess a spherical appearance with smooth surfaces, as shown by the TEM images (Figures 3C,D), which correlated well with the narrow particle size distribution. Spherical particles were found with no obvious aggregation. The particle sizes of the blank micelle and ENR-m were approximately 100 nm and 120 nm, respectively.



3.3 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of ENR, blank micelle, and ENR-m are provided in Figure 3E. The characteristic peaks of ENR appeared at 1736 cm−1 (C=O stretching), 1,623 cm−1 (C=O stretching of the pyridine group), 1,507 cm−1 (benzene group), and 1,252 cm−1 (C-F stretching of the benzene group) (30). The absorption peak from 3,000 to 2,700 cm−1 was assigned to the stretching of methyl and methylene groups (31). In the blank micelles, strong characteristic peaks at 1760−1 and 1,100 cm−1 corresponded to the C=O stretching of the carboxyl group (a characteristic peak of the PLLA polymer segment) and the C–O stretching of the ester linkage in the polymer, respectively (32, 33). The broad absorption band observed between 4,000 and 3,500 cm−1 in ENR and the blank micelles was assigned to the stretching of the O-H group. After forming ENR-m, strong characteristic peaks were observed at 1760 cm−1 (C=O stretching from mPEG-PLLA), 1,623 cm−1 (C=O stretching of pyridine rings from ENR), 1,507 cm−1 (C-F stretching of the benzene ring from ENR), 1,252 cm−1 (C-F stretching of the benzene ring from ENR), and 1,097 cm−1 (C-O stretching of the ester linkage from mPEG-PLLA).



3.4 Stability of ENR micelles

The accelerated stability of ENR micelles was evaluated at 40°C and 75% RH, and the major evaluation indicators were DL (%) and EE (%). As shown in Table 1, the DL (%) and EE (%) of ENR-m showed no significant changes over 0–60 days (p > 0.05). It revealed that ENR-m exhibited excellent chemical stability under environmental conditions of high temperature and humidity and could be stored for at least 60 days.


TABLE 1 DL (%) and EE (%) of the ENR-m immediately after the preparation of the micelles (0 days) and after 15, 30, and 60 days.


	Time (day)
	DL (%)
	EE (%)

 

 	0 	68.19 ± 0.07ns 	88.02 ± 0.31ns


 	15 	67.24 ± 1.19ns 	86.57 ± 1.53ns


 	30 	66.74 ± 1.08ns 	85.93 ± 1.39ns


 	60 	66.81 ± 0.43ns 	86.02 ± 0.56ns





ns, no significant difference (p > 0.05).
 



3.5 In vitro drug release study

The in vitro release profile of ENR and ENR-m in the PBS solution (pH 6.8) is shown in Figure 3F. The cumulative release of ENR was approximately 57% at 6 h and 69% at 24 h. Pure ENR exhibited extremely low cumulative release and released only 69% over 24 h of the study, while the ENR-m released 100% within 6 h in pH 6.8 PBS. The results indicate that the solubility and in vitro release performance of ENR were improved by the ENR-m.



3.6 Pharmacokinetics study

The mean plasma concentration-time curves of pure ENR, ENR-m, and commercial ENR tablets are shown in Figure 3G, and the pharmacokinetic parameters calculated using the non-compartment model are shown in Table 2. The commercial ENR tablet and pure ENR showed similar peak plasma concentrations and bioavailability. The Cmax of ENR in the ENR-m was approximately 165% higher than that of pure ENR. Based on the values of AUC0–24, the bioavailability of ENR from the ENR-m was approximately 160% greater than that of pure ENR.


TABLE 2 Pharmacokinetic parameters of ENR, ENR-m, and commercially available tablets in beagles after oral administration (mean ± SD, n = 3).


	Drugs
	T1/2 (h)
	Tmax (h)
	Cmax (μg/mL)
	AUC0-24 (μg/mL·h)

 

 	ENR 	3.03 ± 0.22 	1.17 ± 0.29 	1.04 ± 0.11 	5.41 ± 1.20


 	ENR-m 	4.38 ± 0.17** 	1.33 ± 0.29* 	1.72 ± 0.05* 	8.64 ± 0.52**


 	Commercially available tablets 	3.14 ± 0.56## 	0.75 ± 0.00*## 	1.35 ± 0.13*## 	5.19 ± 0.34##





ns, p > 0.05. Compared with ENR: *p < 0.05 and **p < 0.01. Compared with ENR-m: #p < 0.05 and ##p < 0.01.
 



3.7 In vitro antibacterial study

The antibacterial activities of ENR and ENR-m against E. coli and S. typhi were determined using the agar diffusion method. The diameter of the inhibition zone was used to evaluate the strength of the antibacterial activity. The results are shown in Figures 4A–D, and the values of the inhibition zone diameters are presented in Supplementary Table S6. Around the agar wells inoculated with E. coli and S. typhi, the clear inhibition zones produced by the ENR-m were larger than those of the pure ENR and the control groups at the same concentration. As shown in Figure 4E, compared to ENR, the in vitro antibacterial activity of ENR-m against E. coli and S. typhi was significantly enhanced (p < 0.01). For E. coli, the inhibition zones of ENR-m increased by 16.43, 10.13, and 7.79% at concentrations of 2.5, 5, and 10 μg/mL, respectively, compared to those of pure ENR. Similarly, for S. typhi, the inhibition zones of ENR-m increased by 18.35, 13.23, and 14.49% at concentrations of 2.5, 5, and 10 μg/mL, respectively, compared to those of pure ENR.

[image: Petri dishes labeled A, B, C, and D show bacterial inhibition with different concentrations of a substance. A and B display results for E. coli using ENR and ENR-m with NaOH and water controls. C and D show results for S. typhi, also comparing ENR and ENR-m. Each dish has zones of inhibition marked with concentrations 2.5, 5, and 10 micrograms per milliliter. Panel E is a bar graph (with blue for ENR-m and red for ENR) showing inhibition zone diameters for different concentrations against E. coli and S. typhi, indicating effectiveness with significant differences marked by asterisks.]

FIGURE 4
 In vitro antibacterial activity of the ENR-m. (A,B) Inhibition zones of ENR and ENR-m against E. coli; (C,D) Inhibition zones of ENR and the ENR-m against S. typhi; (E) Diameter of the inhibition zones of ENR and the ENR-m on E. coli and S. typhi (compared with the ENR group: *p < 0.05 and **p < 0.01).





4 Discussion

The Box–Behnken design is one of the methods used for the experimental design of pharmaceutical formulations based on response surface methodology, characterized by extremely strong symmetry and rotatability (34). The combination of single-factor experiments and the Box–Behnken design is widely used in pharmaceutical science research (35). Goo et al. (36) developed revaprazan supersaturable micelles using a Box–Behnken design with three independent variables. This approach has great potential for the development of solidified formulations of poorly water-soluble drugs with improved oral absorption. In our Box–Behnken results, all parameters were entirely consistent with the required range for model establishment (37). Thus, the model has high predictive ability for encapsulation efficiency and drug loading of ENR-m when various factors change. Notably, when the concentrations of ENR remained unchanged, both DL (%) and EE (%) increased continuously with increasing concentrations of mPEG-PLLA. This is because mPEG-PLLA maintains the stability of the system by forming micelles when its concentration surpasses the critical micelle concentration. In addition, increased hydrophobic space and hydrophobic interactions can serve as driving forces for the formation of polymeric micelles (38). Accordingly, a larger number of ENR molecules can be efficiently incorporated into the micellar core. When the concentration of mPEG-PLLA remained unchanged, DL (%) initially decreased and then increased asthe ENR content increased. The drug in the hydrophobic core does not reach saturation when the ENR content is low. However, the chance of collisions and agglomeration between drug molecules and polymer increases when the drug dosage increases, allowing the excess drug to recombine into large drug particles (39). The rate of ENR combination is significantly faster than the encapsulation process by the micelle core, leading to a decrease in drug loading (40). In summary, hydrophobic interactions between the micelles core and the drug and the precipitation of hydrophobic drugs are competitive processes. In other words, drug molecules at lower dosages can be effectively encapsulated into the micelle core, but drug loading remains low. However, excessive dosages lead to aggregation of drug particles, which can also lead to a decrease in drug loading.

As mentioned, the drug release of fluoroquinolone antimicrobials is strongly influenced by the pH of the environment, and the studied drugs exist as poorly soluble zwitterionic molecules in the natural environment (41). According to the Noyes–Whitney equation, the dissolution rate of a solute is determined by the surface area of the solute particles, the diffusion coefficient, the thickness of the concentration gradient, the solute concentration at the particle surface (saturation concentration), and the solute concentration in the bulk solvent/solution (42). If the particle surface of the solute exhibits different saturated concentrations in different solvents, then the dissolution rates of the solute will also vary in these different solvents. For example, the release performance of vitexin (Vi) was studied in an HCl solution (pH 1.2) and PBS solution (pH 6.8 and pH 7.4). The equilibrium solubility of pure Vi was much higher at pH 7.4 compared to pH 1.2 and pH 6.8 (equilibrium solubility was 32.53 μg/mL, 60.32 μg/mL, and 121.49 μg/mL, respectively). Therefore, the cumulative release at pH 7.4 (40%) was significantly better compared to pH 1.2 (26%) and pH 6.8 (26%) (25). In addition, the concentration difference between the nanoparticles and dissolved medium can also improve the release of drugs. In summary, ENR-m may promote the release of ENR by increasing its solubility.

Among all pharmacokinetic parameters, the ENR-m showed higher peak plasma concentrations and bioavailability, consistent with results previously reported in rats (43). First, polymeric micelles can improve the solubility of hydrophobic drugs, thereby enhancing their bioavailability (44). Secondly, mPEG-PLLA is a typical amphiphilic block copolymer, possessing excellent micelle-forming ability and drug-releasing performance. Micelles are more easily absorbed by cells into the cell membrane due to the change in surface charge from negative to neutral, facilitated by the PEG shell (18, 45–47). Therefore, mPEG-PLLA plays an important role in improving the bioavailability of ENR-m. Finally, a narrow particle size distribution and smaller particle size can extend the retention time of micelles and ENR in plasma by reducing non-selective clearance of the reticuloendothelial system (48, 49). ENR-m can penetrate the mucus layer due to its particle size advantage and increase biological adhesion to the intestinal wall through its larger specific surface area, which helps prevent rapid elimination and thereby promotes absorption (25).

In our study, we found that ENR-m had a very significant inhibitory effect on E. coli and S. typhi. However, previous research has shown that mPEG-PLLA has no antibacterial effect (50). Thus, the enhanced antibacterial effect of ENR-m may be achieved by increasing the solubility of ENR. In addition, ENR-m enter cells via endocytosis and exists within endosomes, and these endosomes can fuse with lysosomes, causing micelle depolymerization and subsequent drug release (51). Thus, the concentration of ENR was potentiated when the ENR-m was ingested by bacteria, thereby enhancing the antibacterial effect.



5 Conclusion

In summary, the solvent evaporation technique was successfully applied to the preparation of ENR-m with a spherical shape and uniform particle size. The optimal conditions determined by the Box–Behnken design were satisfactory in terms of EE% and DL%. The in vitro release results suggested a high solubility potential of the ENR-m. The pharmacokinetic results in the beagles demonstrated the improved bioavailability of the ENR-m. Compared to the pure drug, ENR-m exhibited enhanced antibacterial activity against E. coli and S. typhi. Therefore, the results of this study suggest that polymeric micelles are an efficient drug delivery system with promising potential for pharmaceutical applications.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was approved by Institutional Animal Care and Ethics Committee of Hebei Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

YS: Investigation, Methodology, Validation, Writing – original draft, Software. YM: Writing – original draft, Formal analysis, Data curation. XH: Conceptualization, Supervision, Writing – review & editing, Project administration, Funding acquisition. XZ: Project administration, Conceptualization, Writing – review & editing, Funding acquisition, Supervision.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the National Natural Science Foundation of China (grant numbers 32172898 and 32473073) and the Central Guidance for Local Science and Technology Development Fund of Hebei Province (grant number 246Z6603G).



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1595137/full#supplementary-material



References
	 1. Yang, SY, Zhao, FK, Pang, H, Chen, LZ, Shi, RB, and Fang, BH. Pharmaceutical cocrystals and salts of enrofloxacin: structure and properties. J Mol Struct. (2022) 1265:133335. doi: 10.1016/j.molstruc.2022.133335
	 2. Bae, JS, Lee, CW, Yang, CY, Jeong, EH, Chae, Y-S, Lee, J-H , et al. Evaluation of efficacy, safety, and withdrawal period of enrofloxacin (ENR) in black rockfish (Sebastes schlegelii) for possible treatment of bacterial diseases caused by streptococcus iniae and Aeromonas salmonicida. Aquac Res. (2024) 2024:586. doi: 10.1155/2024/5577586
	 3. Badawy, S, Yang, Y, Liu, Y, Marawan, MA, Ares, I, Martinez, M-A , et al. Toxicity induced by ciprofloxacin and enrofloxacin: oxidative stress and metabolism. Crit Rev Toxicol. (2021) 51:754–87. doi: 10.1080/10408444.2021.2024496 
	 4. Li, HM, Tian, J, Zhang, ZR, Luo, XQ, and Yu, ZG. Pharmacokinetics studies of enrofloxacin injectable in situ forming gel in dogs. J Vet Pharmacol Ther. (2016) 39:144–8. doi: 10.1111/jvp.12255 
	 5. Blaj, DA, Peptu, CA, Danu, M, Harabagiu, V, Peptu, C, Bujor, A , et al. Enrofloxacin pharmaceutical formulations through the polymer-free electrospinning of β-Cyclodextrin-oligolactide derivatives. Pharmaceutics. (2024) 16:903. doi: 10.3390/pharmaceutics16070903 
	 6. Wei, Y, Chen, C, Zhai, S, Tan, M, Zhao, J, Zhu, X , et al. Enrofloxacin/florfenicol loaded cyclodextrin metal-organic-framework for drug delivery and controlled release. Drug Deliv. (2021) 28:372–9. doi: 10.1080/10717544.2021.1879316 
	 7. Lopez-Cadenas, C, Sierra-Vega, M, Garcia-Vieitez, JJ, Diez-Liébana, MJ, Sahagun-Prieto, A, and Fernandez-Martinez, NJC. Enrofloxacin: pharmacokinetics and metabolism in domestic animal species. Curr Drug Metab. (2013) 14:1042–58. doi: 10.2174/1389200214666131118234935 
	 8. Chandra Deb, L, Timsina, A, Lenhart, S, Foster, D, and Lanzas, C. Quantifying trade-offs between therapeutic efficacy and resistance dissemination for enrofloxacin dose regimens in cattle. Research square. (2024) 4:20598. doi: 10.1038/s41598-024-70741-8
	 9. Khmaissa, M, Zouari-Mechichi, H, Sciara, G, Record, E, and Mechichi, T. Pollution from livestock farming antibiotics an emerging environmental and human health concern: a review. J Hazard Mater Adv. (2024) 13:100410. doi: 10.1016/j.hazadv.2024.100410
	 10. Sathisaran, I, and Dalvi, SV. Engineering Cocrystals of poorly water-soluble drugs to enhance dissolution in aqueous medium. Pharmaceutics. (2018) 10:108. doi: 10.3390/pharmaceutics10030108 
	 11. Kaushik, R, Budhwar, V, and Kaushik, D. An overview on recent patents and technologies on solid dispersion. Recent Pat Drug Deliv Formul. (2020) 14:63–74. doi: 10.2174/1872211314666200117094406 
	 12. Daraee, H, Etemadi, A, Kouhi, M, Alimirzalu, S, and Akbarzadeh, A. Application of liposomes in medicine and drug delivery. Artif. Cells Nanomedicine Biotechnol. (2016) 44:381–91. doi: 10.3109/21691401.2014.953633 
	 13. Sabjan, KB, Munawar, SM, Rajendiran, D, Vinoji, SK, and Kasinathan, K. Nanoemulsion as Oral drug delivery - a review. Curr Drug Res Rev. (2020) 12:4–15. doi: 10.2174/2589977511666191024173508 
	 14. Webber, MJ, and Pashuck, ET. (macro) molecular self-assembly for hydrogel drug delivery. Adv Drug Deliv Rev. (2021) 172:275–95. doi: 10.1016/j.addr.2021.01.006 
	 15. Sawant, RR, Sawant, RM, and Torchilin, VP. Mixed PEG-PE/vitamin E tumor-targeted immunomicelles as carriers for poorly soluble anti-cancer drugs: improved drug solubilization and enhanced in vitro cytotoxicity. Eur J Pharm Biopharm. (2008) 70:51–7. doi: 10.1016/j.ejpb.2008.04.016 
	 16. Li, W, Wu, J, Zhang, J, Wang, J, Xiang, D, Luo, S , et al. Puerarin-loaded PEG-PE micelles with enhanced anti-apoptotic effect and better pharmacokinetic profile. Drug Deliv. (2018) 25:827–37. doi: 10.1080/10717544.2018.1455763 
	 17. Gupta, A, Costa, AP, Xu, X, Lee, SL, Cruz, CN, Bao, Q , et al. Formulation and characterization of curcumin loaded polymeric micelles produced via continuous processing. Int J Pharm. (2020) 583:119340. doi: 10.1016/j.ijpharm.2020.119340 
	 18. Long, H, Li, X, Sang, Z, Mei, L, Yang, T, Li, Z , et al. Improving the pharmacokinetics and tissue distribution of pyrinezolid by self-assembled polymeric micelles. Colloids Surf B Biointerfaces. (2017) 156:149–56. doi: 10.1016/j.colsurfb.2017.05.014 
	 19. Rasoulianboroujeni, M, Repp, L, Lee, HJ, and Kwon, GS. Production of paclitaxel-loaded PEG-b-PLA micelles using PEG for drug loading and freeze-drying. J Control Release. (2022) 350:350–9. doi: 10.1016/j.jconrel.2022.08.032 
	 20. Abedanzadeh, M, Salmanpour, M, Farjadian, F, Mohammadi, S, and Tamaddon, AM. Curcumin loaded polymeric micelles of variable hydrophobic lengths by RAFT polymerization: preparation and in-vitro characterization. J Drug Deliv Sci Technol. (2020) 58:101793. doi: 10.1016/j.jddst.2020.101793
	 21. Cao, Z, Liu, R, Li, Y, Luo, X, Hua, Z, Wang, X , et al. MTX-PEG-modified CG/DMMA polymeric micelles for targeted delivery of doxorubicin to induce synergistic autophagic death against triple-negative breast cancer. BCR. (2023) 25:3. doi: 10.1186/s13058-022-01599-9 
	 22. Kataoka, K, Harada, A, and Nagasaki, Y. Block copolymer micelles for drug delivery: design, characterization and biological significance. Adv Drug Deliv Rev. (2001) 47:113–31. doi: 10.1016/S0169-409X(00)00124-1
	 23. Xia, HJ, Zhang, ZH, Jin, X, Hu, Q, Chen, XY, and Jia, XB. A novel drug-phospholipid complex enriched with micelles: preparation and evaluation in vitro and in vivo. Int J Nanomedicine. (2013) 8:545–54. doi: 10.2147/IJN.S39526 
	 24. Hassanzadeh, S, Feng, Z, Pettersson, T, and Hakkarainen, M. A proof-of-concept for folate-conjugated and quercetin-anchored pluronic mixed micelles as molecularly modulated polymeric carriers for doxorubicin. Polymer. (2015) 74:193–204. doi: 10.1016/j.polymer.2015.08.005
	 25. Zhang, J, Li, X, Xia, X, Adu-Frimpong, M, Shen, X, He, Q , et al. Vitexin loaded mixed polymeric micelles: preparation, optimization, evaluation and anti-osteoporotic effect. Biomed Mater. (2023) 18:4. doi: 10.1088/1748-605X/acd15b
	 26. Hao, X, Zhang, Y, Sun, Y, Liu, M, Wang, Q, Zhao, X , et al. Polymorphs of a 1:1 salt of sulfadiazine and piperazine-relative stability, dissolution studies, pharmacokinetics and anti-meningitis efficiency. Eur J Pharm Sci. (2023) 188:106503. doi: 10.1016/j.ejps.2023.106503 
	 27. Cazedey, ECL, and Salgado, HRN. Development and validation of a microbiological agar assay for determination of Orbifloxacin in pharmaceutical preparations. Pharmaceutics. (2011) 3:572–81. doi: 10.3390/pharmaceutics3030572 
	 28. Shen, D, Shen, Y, Chen, Q, Huang, B, Mi, Y, Shan, Y , et al. Macrophage escape by cholesterol-polyoxyethylene sorbitol oleate micelles for pulmonary delivery. Nanomedicine. (2020) 15:489–509. doi: 10.2217/nnm-2019-0376 
	 29. Wei, Z, Hao, J, Yuan, S, Li, Y, Juan, W, Sha, X , et al. Paclitaxel-loaded Pluronic P123/F127 mixed polymeric micelles: formulation, optimization and in vitro characterization. Int J Pharm. (2009) 376:176–85. doi: 10.1016/j.ijpharm.2009.04.030 
	 30. Pei, LL, Yang, WZ, Fu, JY, Liu, MX, Zhang, TT, Li, DB , et al. Synthesis, characterization, and pharmacodynamics study of Enrofloxacin Mesylate. Drug Des Devel Ther. (2020) 14:715–30. doi: 10.2147/DDDT.S239307 
	 31. Blanco, I, Latteri, A, Cicala, G, D'Angelo, A, Viola, V, Arconati, V , et al. Antibacterial and chemical characterization of silica-quercetin-PEG hybrid materials synthesized by sol-gel route. Molecules. (2022) 27:979. doi: 10.3390/molecules27030979 
	 32. Kim, M, Seo, KS, Khang, G, Cho, S, and Lee, H. Preparation of methoxy poly(ethylene glycol)/polyester diblock copolymers and examination of the gel-to-sol transition. J Polym Sci A Polym Chem. (2004) 42:5784–93. doi: 10.1002/pola.20430
	 33. Zhou, B, Wang, H, Hu, S, Yan, Q, and Zhang, P. Effects of montmorillonite (MMT) on the crystallization behavior of poly (L-lactic acid) (PLLA) by variable-temperature FTIR coupled with difference spectrometry, PCMW2D and 2DCOS analyses. Spectrochim Acta A Mol Biomol Spectrosc. (2022) 277:121289. doi: 10.1016/j.saa.2022.121289 
	 34. Haque, SKM, Aldhafeeri, TN, Rahman, N, Jain, R, Umar, Y, and Siddiqui, MR. The application of box-Behnken-design in the optimization of kinetic spectrophotometry and computational studies to determine and assessing eco-scale to green analytical chemistry for labetalol. J Pharm Innov. (2024) 19:28. doi: 10.1007/s12247-024-09828-8
	 35. Jalali, MR, and Sobati, MA. Intensification of oxidative desulfurization of gas oil by ultrasound irradiation: optimization using box–Behnken design (BBD). Appl Therm Eng. (2017) 111:1158–70. doi: 10.1016/j.applthermaleng.2016.10.015
	 36. Goo, YT, Sa, CK, Choi, JY, Kim, MS, Kim, CH, Kim, HK , et al. Development of a solid Supersaturable micelle of Revaprazan for improved dissolution and Oral bioavailability using box-Behnken design. Int J Nanomedicine. (2021) 16:1245–59. doi: 10.2147/IJN.S298450 
	 37. Chaudhary, H, Kohli, K, Amin, S, Rathee, P, and Kumar, V. Optimization and formulation Design of Gels of diclofenac and curcumin for transdermal drug delivery by box-Behnken statistical design. J Pharm Sci. (2011) 100:580–93. doi: 10.1002/jps.22292 
	 38. Mourya, V, Inamdar, N, Nawale, R, and Kulthe, SJ. Polymeric micelles: general considerations and their applications. IJPER. (2011) 45:128–38. Available at: https://www.researchgate.net/publication/279557295_Polymeric_Micelles_General_Considerations_and_their_Applications
	 39. Alinda, P, Botana, A, and Li, M. Insight into the precipitation inhibition of polymers within Cocrystal formulations in solution using experimental and molecular modeling techniques. Cryst Growth Des. (2025) 25:1799–812. doi: 10.1021/acs.cgd.4c01573 
	 40. Cheon Lee, S, Kim, C, Chan Kwon, I, Chung, H, and Young Jeong, S. Polymeric micelles of poly (2-ethyl-2-oxazoline)-block-poly (ε-caprolactone) copolymer as a carrier for paclitaxel. J Control Release. (2003) 89:437–46. doi: 10.1016/S0168-3659(03)00162-7 
	 41. Blokhina, SV, Sharapova, AV, Ol'khovich, MV, Volkova, ТV, and Perlovich, GL. Solubility, lipophilicity and membrane permeability of some fluoroquinolone antimicrobials. Eur J Pharm Sci. (2016) 93:29–37. doi: 10.1016/j.ejps.2016.07.016 
	 42. Zhou, Y, Wang, C, Liu, W, Yang, M, Xu, B, and Chen, Y. Fast in vitro release and in vivo absorption of an anti-schizophrenic drug Paliperidone from its Soluplus(®)/TPGS mixed micelles. Pharmaceutics. (2022) 14:889. doi: 10.3390/pharmaceutics14050889 
	 43. Zhao, Y, Li, J, Yu, H, Wang, G, and Liu, W. Synthesis and characterization of a novel polydepsipeptide contained tri-block copolymer (mPEG–PLLA–PMMD) as self-assembly micelle delivery system for paclitaxel. Int J Pharm. (2012) 430:282–91. doi: 10.1016/j.ijpharm.2012.03.043 
	 44. Hwang, D, Ramsey, JD, and Kabanov, AV. Polymeric micelles for the delivery of poorly soluble drugs: from nanoformulation to clinical approval. Adv Drug Deliv Rev. (2020) 156:80–118. doi: 10.1016/j.addr.2020.09.009 
	 45. Zu, C, Yu, Y, Yu, C, Li, Y, Sun, R, Chaurasiya, B , et al. Highly loaded deoxypodophyllotoxin nano-formulation delivered by methoxy polyethylene glycol-block-poly (D,L-lactide) micelles for efficient cancer therapy. Drug Deliv. (2020) 27:248–57. doi: 10.1080/10717544.2020.1716875 
	 46. Kim, KS, Na, K, and Bae, YH. Nanoparticle oral absorption and its clinical translational potential. J Control Release. (2023) 360:149–62. doi: 10.1016/j.jconrel.2023.06.024 
	 47. Yuan, Z, Qu, X, Wang, Y, Zhang, DY, Luo, JC, Jia, N , et al. RETRACTED: enhanced antitumor efficacy of 5-fluorouracil loaded methoxy poly(ethylene glycol)-poly(lactide) nanoparticles for efficient therapy against breast cancer. Colloids Surf B Biointerfaces. (2015) 128:489–97. doi: 10.1016/j.colsurfb.2015.02.048 
	 48. Zhen, L, Wei, Q, Wang, Q, Zhang, H, Adu-Frimpong, M, Kesse Firempong, C , et al. Preparation and in vitro/in vivo evaluation of 6-Gingerol TPGS/PEG-PCL polymeric micelles. Pharm Dev Technol. (2020) 25:1–8. doi: 10.1080/10837450.2018.1558239 
	 49. Li, X, Xia, X, Zhang, J, Adu-Frimpong, M, Shen, X, Yin, W , et al. Preparation, physical characterization, pharmacokinetics and anti-hyperglycemic activity of Esculetin-loaded mixed micelles. J Pharm Sci. (2023) 112:148–57. doi: 10.1016/j.xphs.2022.06.022 
	 50. Li, P, Tian, Y, Ke, XM, Tan, QC, Han, X, Ma, HY , et al. Amphiphilic block copolymers: a novel substance for bitter-masking in aqueous solutions. Mol Pharm. (2020) 17:1586–95. doi: 10.1021/acs.molpharmaceut.9b01296 
	 51. Savic, R, Luo, L, Eisenberg, A, and Maysinger, D. Micellar nanocontainers distribute to defined cytoplasmic organelles. Science. (2003) 300:615–8. doi: 10.1126/science.1078192 


Copyright
 © 2025 Sun, Mao, He and Zhao. 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/fvets-12-1595137-g002.jpg
EE (%) B
A

C: Feed ratio (mg)

A: Polymer concentration (mg/mL)

EE (%)
EE (%)

EE (%)






OPS/images/fvets-12-1595137-g003.jpg
A ‘Size Distiouton by Volume B ‘Size Distidution by Volume.

Votume Percen)

o1 1 ) 100 1000 10000 o1
sas (@om)

1 o 0 1000 10000

Transmittance (%)

‘Wave number (en!)

——ENR
—e—ENR-m
—+—ENR commercially available tablets

g” 2
5 o z
s 1
£ —— ENR-m z
£ w0 —e— ENR H
E g
£ H
3 S

2

o o =

o B s d0w s 1s0

Time (min) Time (h)





OPS/images/fvets-12-1595137-g001.jpg
L (%)
A DL (%) 8 ua DL (%)

@

C: Fecd ratio (mg)
C: Feed rato (mg)

g

" B "
K !






OPS/images/fvets-12-1595137-g004.jpg
Diameter (mm)

40

35

30

25

B ek
ENR
*%
*k
% *k
*% *k
2.5 5 25 H 10

Concentration (ug/mL) E. Concentration (ug/mL) 5. typhi






OPS/images/fvets-12-1595137-g005.jpg
/\O Y - ) t{,\/o%m,

OH

(a) (b)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Development and evaluation of mPEG-PLLA polymeric micelles encapsulating enrofloxacin for enhanced solubility, bioavailability, and antibacterial performance



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Preparation of ENR polymeric micelles (ENR-m)



		2.3 Drug loading (DL, %) and entrapment efficiency (EE, %)



		2.4 Screening and optimization of ENR micelles using a Box–Behnken design (BBD)



		2.5 Characterization of the ENR-m



		2.5.1 Determination of particle size (PS) and the polydispersity index (PDI)



		2.5.2 Transmission electron microscopy (TEM)



		2.5.3 Fourier transform infrared spectroscopy (FT-IR)









		2.6 Accelerated stability test



		2.7 In vitro drug release study



		2.8 Pharmacokinetics study



		2.9 HPLC analysis



		2.10 In vitro antibacterial study









		3 Results



		3.1 Formulation of ENR-m



		3.2 Dynamic light scattering (DLS) and transmission electron microscopy (TEM)



		3.3 Fourier transform infrared spectroscopy (FT-IR)



		3.4 Stability of ENR micelles



		3.5 In vitro drug release study



		3.6 Pharmacokinetics study



		3.7 In vitro antibacterial study









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Development and evaluation of
mMPEG-PLLA polymeric micelles
encapsulating enrofloxacin for
enhanced solubility,
bioavailability, and antibacterial
performance












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






