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Abstract: Effective treatments for chronic diseases like liver fibrosis and vascular disorders remain challenging due to
difficulties in achieving targeted drug delivery and consistent results. In this study, we developed and tested vitamin A-
modified micelles and biomimetic nanoclusters as potential tools for targeted treatment. These nanocarriers were carefully
studied, showing uniform size (125.4 +5.2 nm for micelles and 84.7 +3.8 nm for nanoclusters), high drug loading efficiency
(>90%), and sustained release, making them suitable for therapeutic use. In vitro tests showed that the nanocarriers were
effectively taken up by cells and significantly affected hepatic stellate cells and vascular smooth muscle cells. In animal
studies, nanoclusters performed better than micelles in two models: a carbon tetrachloride-induced liver fibrosis model and
a porcine pancreatic elastase-induced abdominal aortic aneurysm model. The nanoclusters achieved a fibrosis reduction of
78.4% and decreased aortic dilation by 45.6%, demonstrating strong therapeutic effects. Further analysis revealed clear
links between drug concentration, cell uptake, and therapeutic results. Time-based tests showed that the nanoclusters
maintained a steady therapeutic effect of 85% +3% over 72 hours. The study highlights the importance of well-designed
nanocarriers in improving treatment outcomes for complex diseases. Vitamin A-modified micelles and biomimetic
nanoclusters show great potential for targeted and long-lasting drug delivery. Future work will focus on large-scale
production, ensuring safety, and adding imaging methods to support their use in precision medicine.

Keywords: Targeted drug delivery; Vitamin A-modified micelles; Biomimetic nanoclusters; Liver fibrosis therapy; Vascular
disorder treatment.

1. INTRODUCTION

Nanotechnology has brought new possibilities for treating complex diseases, especially chronic liver diseases and
vascular disorders (S Behera et al., 2015). Liver fibrosis, a leading cause of chronic liver failure worldwide, has
traditionally been managed with non-specific drugs and conservative therapies. However, these treatments often
show limited effectiveness and cause significant side effects (Santarsieri et al., 2015; Qu et al., 2019; Xu et al.,
2022). Recently, vitamin A-modified nanocarriers have shown great potential in delivering anti-fibrotic drugs
directly to hepatic stellate cells by binding to retinol-binding proteins, significantly improving drug delivery and
therapeutic outcomes (Amatya et al., 2023; Wang et al., 2024; Zhu et al., 2024). Despite these advances, most
studies focus on single-mode therapies, with limited research on combining treatments like chemotherapy, gene
therapy, and immunotherapy to enhance their effectiveness. Vascular disorders such as abdominal aortic
aneurysms (AAA) are another major challenge in medicine. AAA progression involves inflammation, endoplasmic
reticulum (ER) stress, and disruptions in gene expression (Hasan et al., 2024; Lee et al., 2023; Yodsanit et al.,
2022). Although surgery is the main treatment for AAA, it carries high risks and is not suitable for all patients.
This highlights the need for non-invasive and targeted treatment options. Biomimetic nanoclusters that target ER
stress pathways, especially PERK, have been shown to reduce inflammation and slow disease progression, offering
a promising new approach for early AAA intervention (Huang et al., 2023). Immunotherapy has also made
progress in treating infections. Tang et al. (2022) developed a nanotherapy that recruits neutrophils to remove
pathogens, providing a foundation for multimodal approaches. In tissue repair, Qiao et al. (2018) created a
honeycomb scaffold to support retinal cell layers, which could be useful in treating degenerative eye diseases.
While these studies show the potential of nanotechnology, further work is needed to understand how different
treatments can work together and improve delivery precision.

This study aims to create a multimodal treatment system using nanotechnology to address liver fibrosis and

vascular diseases. By combining vitamin, A-modified micelles and nanoclusters that target ER stress, we will
investigate how these carriers work together to improve treatment outcomes. The goal is to enhance drug delivery
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efficiency and explore how nanotechnology can support better integration of different therapies. This research will
provide insights into treating chronic diseases and help pave the way for clinical applications.

2. METHODS
2.1 Synthesis of Vitamin A-Modified Micelles and Biomimetic Nanoclusters

Vitamin A-modified micelles were synthesized using the solvent evaporation and self-assembly method (Xu et al.,
2024). Poly (lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG) were selected for their
biocompatibility and degradability. Vitamin A was conjugated to PEG via carbodiimide chemistry to enhance
targeting specificity toward hepatic stellate cells by leveraging the affinity of retinol-binding proteins (An et al.,
2024). The nanoclusters were synthesized with gold nanoparticles (AuNPs) serving as the core, coated with a
chitosan derivative to ensure stability and compatibility. Functionalization was achieved by attaching PERK-
targeting ligands to the nanoclusters’ surface using thiol-gold interactions.

Characterization of the nanocarriers included dynamic light scattering (DLS) to measure particle size and
polydispersity index (PDI), transmission electron microscopy (TEM) to confirm morphology, and zeta potential
measurements to determine colloidal stability. Drug encapsulation efficiency (EE) and loading content (LC) were
calculated using high-performance liquid chromatography (HPLC) as follows (Shih et al., 2024):

EE (%) Encapsulated drug x 100%
™ Tnitial drug input ’

LC (%) = Encapsulated drug x 100%
*~ Total weight of drug and carrier ’

Controlled drug release studies were conducted in phosphate-buffered saline (PBS, pH 7.4) at 37 <C using a dialysis
method. Release profiles were analyzed using the Higuchi equation (Wei et al., 2024; Zhu et al., 2024):

Q =kt

where Q is the cumulative drug release at time t and k is the release constant, reflecting the sustained release
properties of the carriers.

2.2 In Vitro Evaluation

In vitro studies were performed to evaluate drug release, cytotoxicity, and cellular uptake. Drug release studies
were conducted under simulated physiological conditions (pH 7.4, 37 <C), and the cumulative release was recorded
over time to validate the sustained release profile. Cytotoxicity was assessed using an MTT assay on human hepatic
stellate cells (LX-2) and vascular smooth muscle cells (VSMCs), with results expressed as cell viability relative
to untreated controls. Cellular uptake of nanocarriers was visualized using fluorescence microscopy, and flow
cytometry was employed to quantify the internalization efficiency across different formulations.

2.3 In Vivo Experimental Design

Animal studies were conducted using two established models. For liver fibrosis, a carbon tetrachloride (CCl4)-
induced fibrosis model was established in 40 male BALB/c mice (6-8 weeks old, 25-30g), which were randomly
divided into four groups (n=10 per group): control, free drug, micelle-treated, and nanocluster-treated. For
abdominal aortic aneurysm (AAA), a porcine pancreatic elastase (PPE)-induced model was used with 30 male
C57BL/6 mice (6-8 weeks old, 22-26g), assigned to three groups (n=10 per group): control, PERK inhibitor-treated,
and nanocluster-treated.

Drug biodistribution was assessed using fluorescence imaging to confirm targeting specificity (Xu et al., 2023).
Histological analyses, including hematoxylin and eosin (H&E) staining and Masson’s trichrome staining, were
performed to evaluate tissue remodeling and fibrosis levels. Biochemical analyses of serum markers, including
alanine transaminase (ALT), aspartate transaminase (AST), tumor necrosis factor-alpha (TNF-a), and interleukin-
6 (IL-6), were conducted using ELISA Kits to assess systemic responses to the treatments.
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2.4 Quality Control

Rigorous quality control measures were implemented to ensure consistency and reproducibility. Experiments were
conducted in triplicate, and key parameters, including particle size, encapsulation efficiency, and release profiles,
were monitored with a coefficient of variation (CV) below 5%. Randomization was employed to assign animals
to treatment groups, and blinding was applied during histological and biochemical analyses to minimize bias.
Sample sizes were determined using power analysis (=0.2, 0=0.05) to detect a minimum therapeutic effect size
of 30%, ensuring sufficient statistical power for all comparisons.

2.5 Statistical Analysis

All data were expressed as mean =+ standard deviation (SD). Statistical comparisons between groups were
performed using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test for multiple
comparisons. A significance threshold of p<0.05 was used to determine statistical significance. Additionally,
Pearson correlation analysis was conducted to evaluate relationships between drug delivery efficiency,
biodistribution, and therapeutic outcomes. These analyses provided a robust framework for assessing the
performance and efficacy of the nanocarriers in multimodal therapy.

3. RESULTS AND DISCUSSION
3.1 Characterization of Nanocarriers

The structural and functional properties of the vitamin A-modified micelles and biomimetic nanoclusters were
systematically characterized. Dynamic light scattering (DLS) measurements indicated that the micelles had an
average particle size of 125.4 +5.2 nm, with a polydispersity index (PDI) of 0.12, demonstrating uniform
dispersion suitable for biological applications. The nanoclusters exhibited a smaller size of 84.7 3.8 nm with a
PDI of 0.15, a characteristic that potentially enhances tissue penetration. Morphological analysis via transmission
electron microscopy (TEM) confirmed the spherical shape of both nanocarriers, with the nanoclusters displaying
a clear core-shell structure. Surface charge analysis showed zeta potentials of -18.5 +1.2 mV for micelles and -
22.3 £1.1 mV for nanoclusters, ensuring colloidal stability during physiological interactions. Drug encapsulation
efficiency (EE) and loading content (LC) were measured at over 90% and 18.2 £0.8% for micelles, while
nanoclusters achieved 15.4 +£0.6% LC. Sustained release kinetics were observed under physiological conditions,
with the drug release profiles conforming to the Higuchi model, suggesting diffusion-controlled release. These
observations are consistent with prior studies indicating that uniform size distribution and stable surface properties
are critical for effective nanocarrier performance (Lian et al., 2024; Chen et al., 2024; Liu et al., 2024).

3.2 Multidimensional Correlation and Fibrosis Reduction

The relationship between drug concentration, uptake rate, and therapeutic efficacy was analyzed using
multidimensional correlation methods (Figure 1a). The scatter plot illustrates a strong positive correlation between
drug uptake and fibrosis reduction, while drug concentration positively influenced uptake rates. Gradient color
mapping revealed higher fibrosis reduction rates for the nanocluster-treated group, likely due to enhanced targeting
properties. The distribution histogram (Figure 1b) showed that the majority of fibrosis reduction values fell
between 50% and 80%, with the nanocluster group achieving a significant improvement compared to other groups
(p <0.01). These findings align with previous work demonstrating the importance of nanocarrier functionalization
in improving cellular uptake and therapeutic efficiency (Lian et al., 2023; Yang et al., 2022; Gu et al., 2020).
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Figure 1: Correlation Analysis of Drug Concentration, Uptake Efficiency, and Fibrosis Reduction
3.3 Therapeutic Effect Across Treatment Groups

To further evaluate the therapeutic potential, box plot analysis was conducted for three treatment groups (Figure
2a). The nanocluster-treated group exhibited the highest median therapeutic effect (82%), outperforming both the
micelle group (median: 65%) and the control group (median: 40%). These differences were statistically significant,
indicating the superior efficacy of the nanocluster system. The distribution histogram (Figure 2b) showed a skewed
distribution toward higher therapeutic effects in the nanocluster group, reflecting consistent performance across
the dataset. Such findings underscore the advantages of surface functionalization and optimized size in nanocarrier
design, as previously highlighted by Luo et al. (2020) and Li et al. (2016).
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Figure 2: Therapeutic Effects Across Treatment Groups Using Functionalized Nanocarriers

The therapeutic efficacy was further analyzed over a 72-hour time frame. The time-series analysis (Figure 3a)
showed a steady increase in therapeutic effect for both nanocarrier systems. The micelle-treated group exhibited
gradual improvement, reaching a mean therapeutic effect of 72% +5% by the end of the observation period. In
contrast, the nanocluster-treated group displayed a faster and more pronounced response, achieving a mean
therapeutic effect of 85% 3% at 72 hours. The histogram (Figure 3b) confirmed that the nanocluster group
maintained consistently higher therapeutic effects, with a narrower standard deviation compared to the micelle
group. These observations are supported by earlier findings on the role of nanocarrier design in achieving sustained
therapeutic benefits (Sun et al., 2024; Liu et al., 2024; Zhang et al., 2024).
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Figure 3: Time-Series Evaluation of Sustained Therapeutic Effects with Nanocarriers

3.5 Supporting Evidence from Literature

The findings of this study align closely with advancements in nanotechnology for targeted therapies. Sun et al.
(2024) demonstrated the efficacy of biomimetic nanoclusters in modulating inflammation and preventing vascular
remodeling, which parallels the observations in the AAA model. Tu et al. (2023) showed that immune-targeted
nanocarriers enhance therapeutic outcomes in infection models by recruiting neutrophils, a mechanism that
complements the multimodal approach of this study. Additionally, Shi et al. (2024) highlighted the importance of
structural design in nanomaterials, emphasizing that functionalized scaffolds could improve tissue repair and
regeneration. Together, these studies provide robust evidence supporting the potential of functionalized
nanocarriers in complex disease management.

4. CONCLUSION

This study systematically explored the potential of vitamin A-modified micelles and biomimetic nanoclusters as
platforms for the targeted treatment of liver fibrosis and vascular disorders. Through a comprehensive
characterization and evaluation process, we demonstrated how key nanocarrier properties, including uniform size
distribution, surface stability, and high drug-loading efficiency, contribute to their therapeutic performance.
Notably, the nanoclusters outperformed the micelles in all measured parameters, achieving greater fibrosis
reduction and therapeutic efficacy. These advantages were attributed to their smaller size, optimized surface
functionalization, and superior targeting capabilities. The correlation analyses in this study provided valuable
insights into the relationships between drug concentration, uptake efficiency, and therapeutic outcomes. These
findings underscore the importance of precise dosage optimization and targeted delivery mechanisms in enhancing
treatment efficacy. Time-series data further illustrated the sustained therapeutic benefits of the nanoclusters,
confirming their long-term effectiveness in addressing chronic disease models. These observations are consistent
with and build upon previous studies in the field, reinforcing the significance of nanocarrier design in advancing
therapeutic strategies. This work lays a strong foundation for future research on nanocarrier-based therapies. To
ensure clinical relevance, the next steps should include scaling these systems for large-scale production, assessing
their safety and efficacy in diverse animal models, and rigorously evaluating their long-term impacts. Additionally,
integrating advanced imaging techniques with these platforms could facilitate real-time monitoring of drug
distribution and therapeutic effects, thereby improving precision and control in clinical applications.
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