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Introduction: Chrysin has a wide range of biological activities, but its poor bioavailability greatly limits its use. Here, we attempted 
to prepare casein (cas)-based nanoparticles to promote the biotransfer of chrysin, which demonstrated better bioavailability and anti- 
infection activity compared to free chrysin.
Methods: Cas-based chrysin nanoparticles were prepared and characterized, and most of the preparation process was optimized. 
Then, the in vitro and in vivo release characteristics were studied, and anti-pulmonary infection activity was evaluated.
Results: The constructed chrysin-cas nanoparticles exhibited nearly spherical morphology with particle size and ζ potential of 225.3 nm and 
−33 mV, respectively. These nanoparticles showed high encapsulation efficiency and drug-loading capacity of 79.84% ± 1.81% and 11.56% ± 
0.28%, respectively. In vitro release studies highlighted a significant improvement in the release profile of the chrysin-cas nanoparticles (CCPs). 
In vivo experiments revealed that the relative oral bioavailability of CCPs was approximately 2.01 times higher than that of the free chrysin 
suspension. Further investigations indicated that CCPs effectively attenuated pulmonary infections caused by Acinetobacter baumannii by 
mitigating oxidative stress and reducing pro-inflammatory cytokines levels, and the efficacy was better than that of the free chrysin suspension.
Conclusion: The findings underscore the advantageous bioavailability of CCPs and their protective effects against pulmonary infections. 
Such advancements position CCPs as a promising pharmaceutical agent and candidate for future therapeutic drug innovations.
Keywords: chrysin, nanoparticles, Acinetobacter baumannii, casein

Introduction
Chrysin, a flavonoid abundant in passion flowers, honey, and propolis, exhibits diverse pharmacological properties, which include 
anti-inflammatory, antioxidant, anti-allergic, anti-diabetic, and anti-tumor activities.1 Chrysin exhibited robust anti-inflammatory 
properties in an investigation of smoke-induced acute respiratory inflammation in mice by inhibiting activation of the MAPK 
pathway and protecting against lung injury.2 Chrysin mitigated lipopolysaccharide-induced acute lung injury in mice by 
improving vascular permeability and reducing pulmonary tissue inflammation.3 Extensive research has identified chrysin as 
a promising therapeutic agent in diverse disease models, while its poor water solubility, low intestinal absorption, significant first- 
pass effect, diminished oral bioavailability, weak in vivo efficacy, and rapid systemic elimination greatly limit its wider 
application.4

Conventional formulations encounter difficulties in improving solubility associated with poorly soluble drugs. Nanoparticles 
have gained recognition as an innovative drug delivery system extensively utilized for administering drugs with poor water 
solubility. Casein, the principal protein in milk, demonstrates substantial stability, safety, non-toxicity, inherent biocompatibility, 
and biodegradability. These attributes position it as an ideal drug delivery carrier for enhancing bioavailability.5,6 Cas is a deblock 
copolymer with amphiphilic structures capable of self-assembling in water, forming core-shell complexes. The hydrophobic 
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inner chains aggregate to form the core, while the hydrophilic outer chains create the shell of the complex.7 This allows for the 
physical entrapment or chemical conjugation of hydrophobic drugs within the core, enabling the development of innovative 
nano-drug delivery systems.8 Cas-based drug delivery systems improved the solubility and bioavailability of poorly soluble 
drugs to amplify drug dissolution and increased drug release rates by 1.5–2 times.9,10 Cas was shown to protect oral and 
esophageal epithelium from drug-induced toxicity, establishing it as a promising candidate for oral drug delivery.11 No 
documented studies have specifically centered on cas-loaded chrysin. Therefore, this study aimed to increase the bioavailability 
of chrysin by the combined application of cas and chrysin to augment its solubility.

Acinetobacter baumannii (Ab) is a widespread gram-negative coccobacillus bacterium lacking flagella, often identified as 
a dangerous pathogen in infections, leading to conditions like bacteremia, pneumonia, endocarditis, and skin infections. The 
pathogenesis of Ab primarily involves bacterial adhesion to host cells, the formation of bacterial biofilms, colonization, and the 
prolific production of capsular polysaccharides (CPSs). These CPSs encapsulate the outer membrane, forming a crucial mucoid 
layer that facilitates bacterial adhesion.12 Numerous Ab strains demonstrate pronounced drug resistance, which limits alternative 
treatments to colistin and tigecycline, the sole effective medications for this infection.13,14 Hence, the World Health Organization 
has classified Ab as a bacterium requiring urgent research and development of new antimicrobial drugs. Research suggests that 
chrysin can disrupt the outer membrane of Ab cells, modify their bacterial membrane potential, and inhibit biofilm formation.15 

However, challenges arise in conducting in vivo studies regarding the effects of chrysin on Ab due to its low oral bioavailability, 
weak efficacy, and rapid systemic elimination upon oral administration.

This study aimed to develop and optimize a preparation of CCPs while conducting comprehensive characterizations 
to assess the stability of the complex, thus highlighting cas’s carrier properties encapsulating chrysin. Particle size, the 
polydispersity index (PDI) value, and ζ-potential of the synthesized particles were evaluated. Subsequently, the CCPs 
were characterized using differential scanning calorimetry (DSC), X-ray diffraction (XRD), transmission electron 
microscopy (TEM), and Fourier-transform infrared spectroscopy (FTIR). In vitro release studies and pharmacokinetic 
investigations were conducted to assess the potential of cas to enhance absorption and oral bioavailability. In vivo 
experiments were conducted to evaluate the protective effects of CCPs against Ab infection.

Materials and Methods
Materials
Chrysin was provided by Chengdu JM BioPharm Co., Ltd. (Chengdu, China), while cas was procured from Sigma-Aldrich 
(USA). Thermo Fisher Scientific supplied sodium dodecyl sulfate (SDS) for high-performance liquid chromatography 
(HPLC). Chromatographic-grade formic acid, acetonitrile, and methanol used in liquid chromatography were sourced from 
Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin, China). All other reagents used in the experiments were analytical grade.

Preparation and Optimization of CCPs
CCPs were prepared with minor adjustments made to a previously published method.16 Initially, an appropriate quantity 
of chrysin was dissolved in an ethanol solution. A precisely formulated casein solution was agitated on a magnetic stirrer 
for a specific duration and speed. Subsequently, the chrysin ethanol solution was introduced into the fully expanded 
casein solution under ice bath conditions. Following ultrasonication with a fixed-power probe, the CCP nanocomposite 
material was obtained. Finally, CCPs underwent a 48-hour pre-freezing phase, followed by a 24-hour freeze-drying 
process in a lyophilizer (LyoQuest, Telstar, Spain) to yield lyophilized CCP powder.

An orthogonal design based on single-factor experiments was employed to optimize the preparation process. Initially, 
single-factor experiments were conducted while keeping other variables constant to examine the impact of the cas 
concentration, chrysin input amount, magnetic stirrer speed, and ultrasonication duration on encapsulation efficiency. 
Subsequently, 3–4 factors with significant influence were selected as independent variables. The synthesis factors were 
optimized using CCP encapsulation efficiency as the indicator.
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Encapsulation Efficiency and CCP Drug Loading
Encapsulation efficiency and CCP drug loading were assessed using HPLC. Initially, 2.0 mL of CCP solution was 
centrifuged at 12,000 rpm for 10 minutes using a filtration device (MWCO 10 kDa, Millipore, USA) to isolate free CCPs. 
The resulting filtrate was diluted and subsequently analyzed by HPLC to quantify the content of unbound chrysin. 
Simultaneously, an equivalent volume of the CCP suspension was meticulously measured and subjected to ultrasonica
tion, followed by HPLC analysis to determine the total chrysin content. The encapsulation efficiency (EE) and loading 
efficiency (LE) were calculated using the following formulas:17

HPLC Analysis of Chrysin
Chromatographic Conditions
An Agilent C18 column (4.6 mm×250 mm, 5 μm) with a mobile phase of acetonitrile-0.15% formic acid (65:35); 
a wavelength of 266 nm; flow rate of 1.0 mL·min-1; column temperature of 30 °C; and sample volume of 20 uL were used.

Linear Relationship
The relationship between chrysin concentrations (C) and peak areas (A) was assessed using regression analysis, which 
indicated linearity at Y=58.31x-106.31 (R2=0.999) Recovery and precision.

Low, medium, and high concentrations of a chrysin reference substance were added to a blank nanoparticle solution 
to calculate the sample recovery rate. The recovery of chrysin ranged from 95.36% to 98.85%. The findings indicated 
that the ultrafiltration membrane did not retain chrysin and had minimal impact on the experimental outcomes. The peak 
RSD area of the chrysin reference solution was continuously measured six times on the same day. Each measurement 
showed less than 2% variation.

Characterization of the Nanoparticles’ Physicochemical Properties
The particle size, PDI, and ζ-potential of CCPs were determined using a Zetasizer Nano-ZS (Malvern, UK). CCP 
morphology was assessed by TEM imaging (HT7700, Hitachi, Japan). DSC thermograms were generated using an 1100 
LF DSC instrument (Mettler Toledo, China). XRD analysis (D8 ADVANCE, Bruker, Germany) was performed on 
chrysin, cas, their physical blends, and CCPs to study their diffraction patterns. The FTIR spectra of chrysin, cas, and the 
CCP formulations were acquired by grinding samples with potassium bromide and scanning from 4000 to 400 cm using 
a Fourier-transform infrared spectrometer (Spectrum Two, PerkinElmer, USA).

In vitro Release Study
The in vitro drug release study utilized the dialysis bag method with 900 mL of a 0.5% SDS solution as the dissolution 
medium. A 3.0 mL volume of CCPs was enclosed in a dialysis bag with a 10 kDa molecular weight cutoff and 
submerged in a consistent-temperature water bath shaker set at 37 °C and 75 rpm. A similar procedure was performed for 
the chrysin suspension. Sampling occurred at 0, 30 minutes, 1, 2, 4, 8, 12, 24, and 49-hour intervals, where 3 mL of the 
dissolution medium was withdrawn and replaced to maintain consistent volume and absorption conditions. HPLC 
analysis was conducted on the withdrawn medium to generate release profiles.

Pharmacokinetic Study
All experimental procedures involving animals were conducted following the guidelines set by the Animal Welfare and Ethics 
Committee of Sichuan Agricultural University (Approval No. 20230045). Sprague-Dawley male rats (265 ± 15 g) were 
sourced from SPF Biotechnology Co., Ltd. (Beijing, China). All animals were housed in a controlled environment maintained 
at 24 ± 1°C with a 12-hour light-dark cycle. The rats were segregated into two groups (n = 6), with an equal distribution of 
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males and females, provided with free access to water, and underwent a 12-hour fasting period. Oral doses of 10 mg/kg of CCP 
solution or chrysin suspension and 20 mg/kg of chrysin suspension were administered via gavage. Blood samples of 0.5 mL 
were obtained from the orbital venous plexus into heparinized tubes at specified time intervals (0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 
and 12 hours). The serum was isolated, underwent methanol precipitation, and was subsequently subjected to HPLC analysis to 
compare the pharmacokinetic parameters between the two groups using the method described in HPLC Analysis of Chrysin.

Anti-Pneumonia Study
Experimental Design
Male ICR mice (18–20 g, 6 weeks old) were acquired from SPF Biotechnology Co., Ltd. and were provided with 
unrestricted access to food and water. The mice were randomly divided into seven groups (n = 10): the blank control 
group (treated with saline), the model group (infected with Ab), the chrysin control group (Ab + 30 mg/kg chrysin), the 
cas control group (Ab + 30 mg/kg cas), and the CCP groups (Ab + 10, 20, and 30 mg/kg CCPs). Chrysin, cas, and CCPs 
were individually administered for three consecutive days. Following a 1-hour interval post-administration on the 
third day, the mice were intratracheally instilled with 30 μL of Ab (1×10^9 CFU/mL) to induce lung infections. Lung 
and blood samples were collected 24 hours after an infection was established.

Histopathological Analysis
In this study, the left lung tissues of mice were fixed in formalin and embedded in paraffin. Sections (5 μm) were cut and stained 
with hematoxylin and eosin (H&E) to visualize morphological changes following treatment with chrysin, cas, and CCP.s Optical 
microscopy (Olympus, Japan) was utilized to observe the stained sections and analyze pulmonary pathological alterations.

Analysis of Blood Cells
At the end of the mouse study, 0.5 mL of blood was collected from each mouse into EDTA anticoagulant tubes for blood 
counting analysis using an automated hematology analyzer. The analyzed parameters included white blood cell counts, 
lymphocyte percentage, monocyte percentage, neutrophil percentage.

Bacterial Load in the Tissues
Lung tissues were homogenized at a 1:9 ratio with sterile phosphate-buffered saline to assess bacterial colonization. 
Serial dilutions of homogenate were plated onto Luria-Bertani agar plates and incubated at 37 °C overnight. 
Subsequently, colonies were counted on plates with 30 to 300 colonies.

Measurement of Oxidative Stress
The levels of catalase (CAT), superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GSH-Px) 
were measured using commercially available assay kits from Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China) 
according to the manufacturer’s instructions to assess oxidative stress levels in the tissues.

Measurement of Inflammatory Cytokines
Levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 cytokines in lung homogenates and serum samples 
were measured using enzyme-linked immunosorbent (ELISA) assay kits obtained from Jiangsu Meimian Industrial Co., Ltd.

Statistical Analysis
All in vitro assays were conducted in triplicate. The results are presented as means with standard deviations (X� SD). 
Statistical analyses were conducted using one-way ANOVA followed by Tukey’s post hoc test (IBM SPSS Statistics 
version 25, IBM, USA). Statistical significance was indicated at p-values of < 0.05 and < 0.01.

Results
Preparation of CCPs
The assessment of encapsulation efficiency and drug loading showed that the optimal process for preparing CCPs involved 
magnetic stirring at 500 rpm, incorporating 10 mg of chrysin with a cas concentration of 30 mg/mL (Figure 1). Orthogonal 
optimization was conducted under the described conditions to ascertain the best preparation procedure for CCPs, followed by 
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validation experiments (Table 1). Freeze-drying has been shown to preserve the stability of drugs in powdered form for at least 
six months and potentially longer, indicating its efficacy in maintaining long-term drug stability.18 After preparing CCPs by the 
optimized formulation process, the encapsulation efficiency was 79.84% ± 1.81%, with a drug loading of 11.56% ± 0.28%. These 
values are comparable to those observed for benzylamine-casein nanocomposites.19 Post-freeze-drying, there was a notable 
enhancement in encapsulation efficiency, indicating that it is an effective means for the long-term stable preservation of CCPs.

Physical and Chemical Characterization of CCPs
Particle Size, ζ-Potential, and Morphology
Particle size is a critical parameter for assessing nanoparticles, influencing their stability, drug release, biodistribution, and 
cellular uptake.17 The CCP nanoparticles demonstrated a diameter of 225.3 nm with a PDI of 0.27, indicating a relatively 
homogeneous particle size distribution within a range from 0 to 0.3 (Figure 2A). The sizes was 31.03±5.59 nm in TEM 
(Supplementary Material, Table S1), which was difference with the results tested by Zetasizer. We speculate that the sample may 
be dropped on the grid to dry naturally when preparing TEM samples. In this process, the nanoparticles may aggregate and 
deform due to surface tension, solvent evaporation rate or temperature change, resulting in a decrease in particle size under 
electron microscopy. The 225.3 nm-sized CCP particles comprised hydrophobic regions that encapsulated chrysin within cas 
nanoaggregates, with diameters approximately ten times larger than those of blank cas nanoparticles.6 The investigation by Sona 
et al focused on casein-based nanocomplexes designed to deliver amphotericin B, and revealed a reduction in particle size to 227 
nm, consistent with the outcomes observed in this experiment.20

Figure 1 The influence of various factors on the encapsulation efficiency of CCPs (EE). Effect of chrysin input (A), magnetic stirring speed (B), cas concentration (C) and 
ultrasonic treatment time (D) on EE.
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Zeta potential plays a pivotal role in maintaining nanoparticle stability. As the zeta potential increases, it enhances the 
repulsive forces among nanoparticles, effectively preventing their agglomeration.21 The zeta potential typically needs to 
exceed ±30 mV.22 The zeta potential value of CCP was −33 mV (Figure 2B), indicating a negatively charged surface. 
This negative charge generated repulsive forces,23 promoting increased repulsion among the micelles, effectively 
inhibiting flocculation and aggregation and ensuring the stability of the CCP solution.24

The utilization of ultrasonic dispersion and shearing enhances the uniformity of particle size and distribution, thereby 
promoting the creation of densely spherical particles.25 The TEM images revealed that the nanoparticles displayed nearly 
spherical morphology with well-defined outlines (Figure 2C). Nanoscale particles with a spherical structure exhibited 
relatively higher cellular uptake,26 a requirement met by the prepared nanoparticles in this study. Based on these findings, 
CCP demonstrated the capability to exist uniformly and stably in aqueous solutions.

DSC
The thermal properties of cas, chrysin, their individual physical blends, and CCPs were assessed through DSC analysis 
(Figure 2D). Cas presented a broad endothermic peak at 85.81 °C, likely indicative of its fusion. Conversely, a distinct peak at 
281.73 °C signified the crystalline state of chrysin. The characteristic peaks observed in the physical mixture demonstrated 
a straightforward overlay of cas and chrysin. At 88.92 °C, CCPs displayed a broad peak, suggesting a temperature elevation 
possibly due to the interplay between chrysin and cas.19 Notably, the CCP spectrum exhibited an endothermic peak resembling cas 
rather than chrysin, implying that chrysin might have been loaded onto cas in an amorphous form rather than a crystalline form, 
that similar to former report.27–29 This observation indicates a departure from chrysin’s expected thermodynamic behavior within 
the chrysin-cas complex.

XRD
The diffraction pattern of cas displayed broad and smooth peaks, indicative of its amorphous structure. Chrysin exhibited 
distinct and sharp characteristic diffraction peaks at 2θ=25.22°, 28.45°, 30.76°, 35.96°, and 47.30°, indicating its presence in 

Table 1 Orthogonal Experimental Results

Item Level Chrysin 
Concentration

Cas 
Concentration

Ultrasonic 
Treatment 
Time

K-value 2 1.45 – –

6 1.93 – –
10 2.31 1.77 –

30 – 2.00 –

50 – 1.92 –
300 – – 1.89

500 – – 1.99
700 – – 1.81

K-means 2 0.48 – –
6 0.64 – –
10 0.77 0.59 –

30 – 0.67 –

50 – 0.64 –
300 – – 0.63

500 – – 0.66

700 – – 0.60

The best level 10 30 500

R 0.29 0.08 0.06
Level quantity 3 3 3

Number of repetitions per level 3.0 3.0 3.0
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crystalline form. The diffraction peaks observed in the physical mixture were mainly representative of cas, resulting from 
a simple summation of chrysin and cas diffraction patterns. Notably, the typical diffraction peaks of chrysin were absent within 
the CCPs, suggesting chrysin’s integration into cas nanoparticles in an amorphous distribution (Figure 2E).

Figure 2 Physicochemical characterization of chrysin-cas nanoparticles. (A) Mean particle size (nm) of the prepared nanoparticles. (B) Average zeta potential (mV) of the 
CCPs. (C) TEM images of CCPs. (D) Differential scanning calorimetry (DSC) thermograms of cas, chrysin, their respective mixtures, and CCPs. (E) X-ray diffraction (XRD) 
patterns of das, chrysin, their respective mixtures, and CCPs. (F) Fourier-transform infrared spectroscopy (FTIR) spectra of cas, chrysin, and CCPs.
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FTIR
The principle of Fourier-transform infrared spectroscopy lies in the detection of infrared light absorption triggered by 
vibrational transitions within covalent bonds.26 Analyzing the FTIR spectra of both complexes and their constituent 
elements enabled the identification of drug-polymer synthesis or reactions. The characteristic bands in the cas spectrum 
observed at 3287 cm^-1 (OH stretching vibration), 2961 cm^-1 (CH3 stretching vibration), and 1650 cm^-1 (carbonyl 
C=O stretching vibration) were distinctive. Chrysin’s spectrum exhibited specific bands at 3696 cm^-1 (OH stretching 
vibration), 1653 cm^-1, 1555 cm^-1 (aromatic ring stretching vibration), and 1077 cm^-1 (C-O, C-C-O, C-C stretching 
vibrations). Notably, the CCP spectrum lacked the absorption peak related to aromatic ring stretching vibration, 
indicating successful cas embedding within chrysin. Subsequent to chrysin encapsulation by cas for nanoparticle 
formation, the OH stretching vibration absorption peak shifted from 3287 cm^-1 to 3294 cm^-1, and the C=O stretching 
vibration absorption peak shifted from 1661 cm^-1 to 1676 cm^-1. These shifts implied the involvement of potential 
intermolecular forces, such as van der Waals or hydrogen bonding, between the carrier and drug molecules (Figure 2F). 
These results offered insight into the molecular interactions driving the formation of CCPs. Overlap of the FTIR scans 
suggested the dominance of cas in the physical blend, compared to chrysin, with more pronounced peaks attributed to 
cas.10 In the chrysin-cas nanoparticles, the distinct chrysin peaks exhibited varying degrees of weakening, shifting, or 
even disappearance, indicating the successful incorporation of chrysin into cas. These results further substantiated that 
the interaction between cas and chrysin was primarily physical rather than chemical.

In vitro Release Study
The comparative analysis was conducted between chrysin and CCPs within an SDS solution to unveil distinct cumulative 
release profiles (Figure 3A) former reported methods.30 The release rate of chrysin from CCP solution was faster than that 
from chrysin solution. Within the initial 4-hour period, the CCP solution released 81.79% of the compounds, whereas the 
chrysin solution released only 61.57%. The cumulative release rate of CCP in SDS reached 88.19% ± 5.56%. This 
phenomenon was ascribed to chrysin’s adsorption onto the nanoparticle surfaces, promoting the swift release of 
a concentrated drug dose upon reaching the target site. With ongoing release, the drug enclosed within the nanoparticles 
gradually dispersed because the carrier material dissolved, resulting in a relatively slower drug release rate, which enhanced 
drug efficacy. Consequently, the in vitro release of CCPs complied with biphasic kinetic models (Supplementary Material, 
Figure S1, Table S2), initially demonstrating rapid drug liberation followed by sustained release.31

Pharmacokinetic Studies
The plasma concentration-time curve in Figure 3B illustrates the behavior of chrysin. In vivo, the blood concentration of 
CCPs escalated rapidly, achieving a maximum blood drug concentration (Cmax) 1.67 times greater than that of the chrysin 

Figure 3 In vitro release and pharmacokinetic study. (A) Cumulative release profiles of chrysin and CCPs in vitro. (B) Plasma concentration-time curves of chrysin and CCPs.
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suspension. Additionally, the overall blood drug concentration of CCPs notably exceeded that of the chrysin suspension. 
CCPs exhibited a Tmax of 2.0 hours, whereas the maximum Tmax of chrysin was 1.5 hours, indicating a distinct sustained- 
release effect imparted by the nanoparticles. There was a discrepancy in the time taken by CCPs and the chrysin 
suspension to reach their respective peak plasma concentrations. Notably, the AUC0-∞ of CCPs was 2.01 times higher 
than that of the chrysin suspension group, as shown in Table 2. The bioavailability of a drug in the body is primarily 
determined by its solubility, permeability, and dosage.32 The unique hydrophilic structure of cas, with hydrophilic outer 
edges and hydrophobic internal cavities, enhanced the solubility of chrysin. Additionally, the CCP complex, character
ized by a larger specific surface area, effectively increased the dissolution and release of chrysin by augmenting its 
contact surface with biological membranes, thereby enhancing its bioavailability.

The Protective Effect of CCP on Lung Infections
After a three-day administration of CCPs, the mice received a single intratracheal dose of Ab and were euthanized 24 
hours later. The protective efficacy of CCPs against Ab-induced lung infection was assessed by visually examining 
pulmonary lesions and assessing lung biomarkers and histopathological alterations. Infection with Ab resulted in lung 
enlargement and severe congestion (Figure 4A), decreases in mouse body weight (Figure 4B), a marked increase in lung 
index values (Figure 4C), and elevated total white blood cell counts and neutrophil counts (Figure 4F and G). These 
findings affirmed the successful establishment of a pulmonary infection model induced by Ab.

Table 2 Pharmacokinetic Parameters of Chrysin Following 
Oral Administration to Mice

Parameters Units Mean (Chrysin) Mean (CCPs)

AUC0-12h μg/L*h 8.93 17.72

AUC0-∞ μg/L*h 9.14 18.60

Tmax h 1.50 2.00
Cmax μg/L 2.48 4.15

Notes: AUC0-∞ refers to the area under the concentration-time curve from 
zero to infinity; MRT0-∞ denotes the mean residence time from zero to infinity.

Figure 4 CCP mitigates AB-induced pulmonary infection (A), maintains mouse body weight (B), and reduces lung index values (C) (n = 10) and (D) lung bacterial load (n = 5). (E) 
H&E staining of mouse lung tissues (n = 5) (scale bar=50μm). The yellow arrows indicate the thickening of the alveolar septa, the red triangles depict the infiltration of inflammatory 
cells, and the black arrows signify increased red blood cells. Decreases in WBCs (F) and GRA (G) levels in the blood (n = 5). Data are presented as the mean ± SEM. Statistical 
significance was determined using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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The administration of high-dose CCPs effectively prevented weight loss in the mice, significantly improved lung conditions, 
normalized lung index values, and reduced both WBC and monocyte counts in the bloodstream. In the low-dose group, although 
the data did not show statistical significance, there were slight improvements in lung size, color, and hematological parameters 
compared to the model group. The chrysin group exhibited drug effects similar to those in the high-dose nanoparticle group, 
displaying a minor enhancement in lung appearance and a notable decrease in WBC counts. This suggests that chrysin had less 
therapeutic impact on Ab-induced lung infections when compared with its nano-particle formulation. The encapsulation of CCPs 
enhanced drug bioavailability and therapeutic effectiveness.

After Ab infection, the mice exhibited significant infiltrations of inflammatory cells, severe hemorrhaging, and 
noticeably widened alveolar septa in their lungs (Figure 4E). No discernible lung lesions were observed upon treatment 
with a high dose of CCP. Improvements were evident in the alveolar septa and the extent of inflammatory cell infiltration 
in the chrysin group compared to the model group.

Figure 5 The amelioration of pulmonary oxidative stress and inflammatory factors by CCP. Levels of SOD, CAT, GSH-PX, and MDA in mouse lung tissues (A). CCP 
reduced the levels of IL-6, IL-1β, and TNF-α in the serum (B) and lung tissues (C) of mice in the model group. The results are presented as the mean ± standard error of the 
mean (SEM), analyzed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate statistically significant differences.
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As shown in Figure 4D, compared to the model group, both the CCP and chrysin groups exhibited a significant 
reduction in lung bacterial load. The high-dose CCP group also showed a notably lower lung bacterial load compared to 
the chrysin group, indicating that CCPs were more effective in preventing bacterial colonization than chrysin alone.

The levels of MDA, GSH-PX, CAT, and SOD were assessed to explore the impact of CCPs on oxidative stress 
induced by Ab lung infection (Figure 5A). The results revealed decreased levels of lung antioxidant enzymes in the 
model group when compared with control group, indicating the presence of oxidative stress. SOD and CAT levels were 
increased, and MDA levels were decreased in the high-dose CCP group comparing to model group. SOD levels in the 
high-dose CCP group were significantly higher than those in the chrysin group. Although not statistically significant, 
GSH-PX levels displayed a rising trend, particularly with high-dose CCP administration.

Cellular cytokines play a pivotal role in inflammation and host defenses against bacterial infections. Studies have 
highlighted substantial elevations in cytokine levels during Ab infection, indicating their critical involvement in the 
infectious process.33 Ab infection triggers the production of IL-6, IL-1β, and TNF-α within the lungs, contributing 
significantly to severe pulmonary pathogenesis.34 ELISA kits were utilized to measure the levels of IL-6, IL-1β, and 
TNF-α in serum and lung tissue samples (Figure 5B and C). The secretion of pro-inflammatory cytokines was increased 
in the model group compared to the control group. However, CCPs demonstrated effective anti-inflammatory activity by 
suppressing the production of these pro-inflammatory cytokines.

Conclusion
CCPs addressed the low oral bioavailability issue of other chrysin formulations. This study effectively synthesized CCPs 
by a straightforward, practical preparation process and yielded safe and effective outcomes without complexity. CCPs 
exhibited sustained-release characteristics in an SDS solution, prolonging the drug’s efficacy. In vivo experiments 
showed that CCPs suppressed oxidative stress and pro-inflammatory cytokine activity significantly more than free 
chrysin. These comprehensive experimental findings underscore CCPs as a novel drug delivery system with improved 
water solubility and enhanced bioavailability, promising extensive applications in the medical field.

Data Sharing Statement
The data that support the findings of this study are available from the corresponding author upon reasonable request.
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