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Introduction: Mulberry leaf polysaccharide (MLP) has gained attention as a potential anti-diabetic agent for lowering blood glucose 
and improving insulin sensitivity. However, the low gastrointestinal stability and oral bioavailability limit its clinical application. To 
address this issue, a novel drug-caged liposomes (MLP-CL) was developed to enhance oral delivery efficiency of MLP compared to 
conventional drug-encapsulated liposomes (MLP-L).
Methods: MLP-L and MLP-CL were prepared by the thin-film hydration method. Subsequently, the structural integrity of these 
liposomes was assessed via in vitro release test and confocal laser microscopy (CLSM) analysis. Madin-Darby canine kidney (MDCK) 
cells were employed to investigate the cellular uptake mechanisms and transcellular transport efficiency. Finally, the biodistribution 
profiles and transport mechanisms of liposomes were evaluated through in vivo fluorescence imaging and pharmacokinetic studies in 
Sprague Dawley rats.
Results: Compared to MLP-L, which released 80% of MLP within 4 hours, MLP-CL showed sustained release with only 40% 
released in the same period. MLP-CL also enabled more effective co-delivery of MLP and liposomes to MDCK cells, indicating 
improved structural integrity and cellular uptake. Transcellular transport assay confirmed that MLP-CL was transported across cells 
more efficiently. In vivo, MLP-CL increased intestinal accumulation and raised plasma MLP concentration by 50%. Additionally, by 
comparing the discrepancy between the lymphatic-suppression model and the normal model, it was found that 63.56% of MLP-CL 
was absorbed through the lymphatic pathway compared to 18.05% for MLP-L.
Conclusion: Compared to conventional MLP-L, conjugation of polysaccharide improves the structural integrity of MLP-CL in the 
gastrointestinal tract, which in turn improves lymphatic uptake and bioavailability. This provides an effective strategy for the design of 
polysaccharide delivery systems.
Keywords: bioavailability, diabetes management, liposome, mulberry leaf polysaccharides, oral drug delivery

Introduction
Mulberry leaf polysaccharide (MLP), a bioactive compound derived from Morus alba,1,2 has garnered significant interest 
in recent years for its potential therapeutic applications, particularly in diabetes management.3–6 Studies highlight its 
ability to lower blood glucose levels, enhance insulin sensitivity, and exert anti-inflammatory effects, largely attributed to 
its rich composition of flavonoids and 1-deoxynojirimycin (DNJ).7 Despite these promising properties, the hydrophilia of 
MLP8 pose a significant barrier to in vivo absorption, as only a limited percentage of the administered dose is absorbed 
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via pinocytosis and passive diffusion.9 Additionally, the main active compounds included in MLP such as dietary 
phenolics would progress to the colon and be susceptible to undergoing microbial transformations and degradation due to 
the poor intestinal absorption.10,11 Although encapsulation strategies have been explored to improve bio-accessibility of 
MLP, they often diminished bio-efficiency.12,13

Lipid-based nanocarriers, such as nanoemulsions, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers 
(NLCs), have emerged as a promising solution for enhancing the oral delivery of hydrophilic drugs, including protein and 
polysaccharide.14 These nanocarriers enhance solubility, protect against enzymatic degradation, and promote uptake 
through lymphatic transport.15 Among these, liposomes are particularly prominent due to their biocompatibility, 
biomimetic properties, and the ability to dual encapsulation of hydrophilic and lipophilic compounds. However, 
conventional liposomes face some challenges which restrict their clinical translation. For example, the gastrointestinal 
tract with its stringent conditions, such as harsh acidic environments, digestive enzymes, and the dynamic interplay of 
bile salts, presents a significant barrier for liposomes to overcome and can collectively compromise the structural 
integrity of liposomes, leading to premature drug release or degradation before reaching the intended site of action.16
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Polysaccharide-coated liposomes offer promising advantages for oral drug delivery. These systems combine a drug- 
encapsulating lipid bilayer with a biocompatible polysaccharide coating, enhancing stability, controlled release, and 
cellular uptake.17 Polysaccharide coatings can achieve sustained release and protect liposomes from aggregation and 
degradation in the gut, potentially improving mucoadhesion and retention time.18,19 Interestingly, polysaccharide-based 
nanocapsules exhibit lymphatic uptake and retention capabilities, effectively bypassing the liver first-pass effect.20 

Additionally, The biomimetic membrane structure enhances the lipophilicity of polysaccharides, thereby facilitating 
efficient cellular uptake and improving bioavailability.21 Inspired by these benefits, conjugating MLP to liposomes via 
surface modifications may address limitations of conventional liposomes and enhance MLP absorption.

In summary, this study introduces a novel MLP-caged liposome (MLP-CL) system, where MLP is covalently 
conjugated to the liposomal surface, and compares its performance against conventional MLP-encapsulated liposomes 
(MLP-L). This was followed by subsequent physicochemical characterization and investigation into the mechanism of 
cellular uptake and uptake efficiency in Madin-Darby canine kidney (MDCK) cells, and in vivo pharmacokinetic 
evaluation. Specifically, this study positions MLP-CL as a viable alternative to MLP-L, addressing challenges associated 
with bioavailability and metabolic degradation. Consequently, it offers a promising platform for chronic disease manage-
ment and polysaccharide compound delivery.

Materials and Methods
Preparation of Mulberry Leaf Polysaccharide- Encapsulated Liposomes (MLP-L)
The MLP-L were prepared using the thin-film hydration method.22 Specifically, Soy lecithin (SPC), 1,2-Distearoyl-sn- 
glycero-3-phosphoethanolamine (DSPE), and cholesterol (supplied by AVT Pharmaceutical Tech Co., Ltd, Shanghai) 
were dissolved in chloroform-methanol (4:1, v/v) at a molar ratio of 8:1:1.6. The solvent was subsequently removed 
through rotary evaporation at 45 °C for 30 minutes to form a lipid thin film. Subsequently, 2 mg of MLP (provided by 
Zhenghe Pharmaceutical Bioengineering Co., Ltd, Shanxi) was dissolved in 8 mL of PBS and used to rehydrate the lipid 
film at 50 °C for 1 hour. After rehydration, the solution was subjected to ultrasonication (300 w) for 5 minutes. Finally, 
the resulting solution was extruded through a 0.45 μm polycarbonate membrane to obtain MLP-L.

Preparation of Mulberry Leaf Polysaccharide-Coated Liposomes (MLP-CL)
Blank liposomes were prepared using the thin-film hydration method. Subsequently, A solution of MLP (1 mg/mL) in 
water was mixed with 10 mg of 1-ethyl -(3-dimethylaminopropyl) carbamide diimide (EDC) and 5 mg of 
N-hydroxysuccinimide (NHS). The pH of the mixture was adjusted to 4.0 with continuous stirring at room temperature 
for 1 hour. Thereafter, the activated MLP solution was titrated to pH 8.5 using 0.1 M NaOH, followed by the dropwise 
addition of blank liposomes into the solution. The reaction was carried out under stirring conditions at room temperature 
for 12 hours. After the reaction, the solution was centrifuged at 40,000 rpm for 1 hour to isolate unincorporated MLP 
from the MLP-CL.

Preparation of Fluorescein Isothiocyanate (FITC)-Labeled Mulberry Leaf 
Polysaccharide (FITC-MLP)
To evaluate the cellular uptake of MLP in cell-based experiments, FITC (provided by AnnJi Pharmaceutical Co. Ltd.) 
was covalently conjugated to MLP. Specifically, 100 mg of MLP was dissolved in 2 mL of DMSO and reacted with 
10 mg of FITC and dibutyltin dilaurate (provided by AnnJi Pharmaceutical Co. Ltd.) under constant stirring at 90°C for 
2 hours. The resulting reaction mixture was precipitated three times using 80% ethanol and subsequently purified via 
dialysis (Spectra/Por Dialysis Membrane, MWCO: 3500 kDa) for 3 days at room temperature to obtain FITC-MLP. This 
conjugate was then incorporated into liposome preparation protocols to conduct subsequent experiments, including cell 
viability, intracellular localization, and the determination of endocytic pathways for cellular internalization.
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Quantification of Mulberry Leaf Polysaccharide
Phenolic sulfuric acid method was utilized to determine the total polysaccharide content of the MLP. In short, 2 mL of 
the liposome sample was added to 1mL of 6% phenol and 5 mL of concentrated sulfuric acid, and then incubated at 70 
°C for 20 minutes, and determined by UV spectrophotometry at 490 nm.

Characterization of Liposomes
Particle Size and Polydispersity Index
MLP-L and MLP-CL were diluted in PBS (7.4) and measured in triplicate using a NanoBrook series particle size 
analyzer (Brookhaven Instruments) at 25 °C. The particle size and polydispersity index (PDI) were recorded to assess 
size homogeneity. Various formulations were screened by adjusting lipid ratios to identify the most stable liposomal 
formulation. The optimal formulation, selected based on the lowest PDI and highest encapsulation efficiency (EE%), was 
used for further characterization.

Encapsulation Efficiency and Drug Loading
The encapsulation efficiency (EE) and drug loading (DL) of both MLP-L and MLP-CL liposomal formulations were 
quantified through ultrafiltration method. After ultra-high-speed centrifugation, the supernatant and precipitate of each 
formulation were analyzed using the phenol-sulfuric acid method to determine the concentration of MLP (n=3). The 
encapsulation efficiency (EE%) and drug loading efficiency (DL%) of formulations were calculated based on the 
following formula:

Microstructure Analysis
The microstructures of the liposomes were characterized using transmission electron microscopy (TEM) with negative 
staining. Briefly, 10 mL aliquots of each liposome solution were diluted with Milli-Q water (1:10) and drop-cast onto 
carbon-coated copper grids. Following negative staining with 1% (w/v) sodium phosphotungstate solution, the grids were 
air-dried at room temperature. Subsequently, the samples were analyzed and imaged using a TEM.

In vitro Drug Release Tests
The release behavior of FITC-labeled MLP-L and MLP-CL was systematically evaluated under simulated gastrointest-
inal conditions. Artificial gastric fluid (SGF, pH 1.2) was prepared by adjusting the pH of ultrapure water to 1.2 using 
concentrated hydrochloric acid (3.8 mL/L). Artificial intestinal fluid (SIF, pH 6.8) was formulated by dissolving 
monopotassium phosphate (13.6 g/L) in ultrapure water and subsequently adjusting the pH to 6.8 with 0.1 M NaOH. 
3 mL FITC-labeled liposome suspensions were encapsulated in dialysis membranes (300 kDa MWCO) and submerged in 
1 L of either SGF or SIF. The dialysis membranes were incubated at 37 °C under constant magnetic stirring at 100 rpm 
for 24 hours. At predetermined time intervals (0, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours), 1 mL aliquots were withdrawn from 
the external medium and replaced with fresh medium. The fluorescence intensity of the collected samples was quantified 
using a microplate reader and normalized to the initial fluorescence intensity (at 0 h) to determine the cumulative release 
kinetics of FITC-labeled MLP over time.

Cell Viability Assay on Madin-Darby Canine Kidney Cells
The cytotoxicity of FITC-MLP, FITC-MLP-L, and FITC-MLP-CL towards Madin-Darby canine kidney (MDCK) cells 
was evaluated using the MTT assay.23 Specifically, MDCK cells (ATCC catalog number: CCL-34) were seeded in 96- 
well plates at a density of 3.0×104 cells per well and incubated for 24 hours in culture medium under standard conditions. 
After washes with PBS, the cells were exposed to varying concentrations of each respective formulation dissolved in 
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phenol-red-free culture medium for 24 hours at 37 °C and 5% CO2. Following incubation, the medium was removed, and 
the cells were washed again with PBS. Cell viability was subsequently assessed using the MTT assay. To each well, 
100 µL of MTT solution (0.5 mg/mL) was added and incubated for 4 hours. Thereafter, 150 µL of dimethyl sulfoxide 
(DMSO) was added, and the plate was gently shaken for 10 minutes to dissolve the formazan crystals. The absorbance at 
490 nm was measured using a microplate reader. Control groups included cells treated with empty liposomes or DMSO 
at equivalent concentrations. Cell viability was calculated using the following formula:

Whereby, “A control” refers to the absorbance value obtained by culturing cells in a drug-free medium, “A test” refers to 
the absorbance value obtained by culturing cells in a treatment with either free MLP or either liposome formulation, and 
“A blank” refers to the absorbance value obtained by treating the well without cells by the same method as MTT.

Cellular Uptake Assays
MDCK cells were employed to examine the cellular uptake of liposomes and free MLP. Specifically, MDCK cells (4×105 

cells/well) were seeded in 24-well plates and incubated overnight under standard culture conditions. Subsequently, the 
cells were washed and treated with FITC-labeled MLP, MLP-L, or MLP-CL solutions for 2, 4, and 8 hours, respectively. 
Following each incubation period, the cells were lysed, centrifuged at a defined speed and duration, and the supernatants 
were carefully collected. The fluorescence intensity (excitation/emission wavelengths: 490/520 nm) was then measured 
to quantify the internalized FITC-labeled MLPs, thereby reflecting the relative cellular uptake efficiency of each 
formulation at each specified time point.

Uptake Mechanism Studies
To elucidate the pathways involved in the cellular uptake of MLP, MLP-L, and MLP-CL, MDCK cells were incubated 
with specific endocytic inhibitors.24 Briefly, cells were seeded at 4×105 cells/well in 24-well plates and incubated for 
24 hours at 37 °C and 5% CO2. Following incubation, they were pretreated with the following inhibitors diluted in 
phenol-red-free culture medium for 1 hour at 37 °C: amiloride hydrochloride (13 µg/mL) for macropinocytosis 
inhibition, chlorpromazine (10 µg/mL) for clathrin-mediated endocytosis inhibition, and genistein (54 µg/mL) for 
caveolae-mediated endocytosis inhibition. After completing pre-incubation, the inhibitors were thoroughly removed 
via aspiration and the cells were washed twice with PBS. Subsequently, cells were treated with FITC-labeled MLP, 
MLP-L, or MLP-CL formulations for 4 hours at 37 °C. Following incubation, the culture medium was aspirated, the cells 
were washed twice with PBS, and then lysed using a 10% Triton X-100 solution. The lysate was centrifuged at 2000 rpm. 
The collected supernatants were analyzed using a microplate reader with excitation and emission wavelengths set at 490 
nm and 520 nm, respectively. This allowed for quantifying the internalized FITC-labeled MLPs and comparing the 
relative uptake efficiencies of each formulation under varied inhibition conditions.

Laser Confocal Microscopy Imaging
Firstly, FITC/Cy5 dual-labeled liposomes were obtained by labeling liposomes with FITC and MLP with cy5 and were 
used to study the intracellular trafficking mechanism and stability of MLP-CL. Then, MDCK cells (1×105 cell/well) were 
cultured in confocal plates for 24 hours. FITC/Cy5 dual-labeled liposomes (2 mg/mL) were then added, and cells were 
incubated at 37 °C for 2, 4, and 8 hours. Following washes and fixation, DAPI staining visualized nuclei. Confocal 
microscopy (366, 488, and 647 nm excitation) allowed simultaneous observation of FITC-labeled intact liposomes and 
Cy5-labeled total MLP. This approach provided insights into intracellular trafficking and potential cargo leakage from 
MLP-CL formulations.

Transcellular Transport Assessments
MDCK cell monolayer integrity was assessed by transcellular permeability. Inserts seeded with 2.5×104 cells were 
cultured and washed (n=3). Fluorescein solution (0.01 mg/mL) was added to the upper chamber, with PBS in the lower 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S514455                                                                                                                                                                                                                                                                                                                                                                                                   5381

Chen et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



chamber. After 1, 2, 3, and 4 hours of incubations, lower chamber PBS was analyzed for fluorescence intensity (reflecting 
tight junction integrity). Fresh Transwell inserts were seeded with MDCK cells (2.5 ×105/well) and cultured for 3–4 days. 
Following the established protocol, 0.3 mL DMEM medium filled the upper chamber and 0.5 mL PBS filled the lower 
chamber. Both chambers were subsequently rinsed with PBS three times. FITC-labeled MLP-L or MLP-CL solutions 
(0.2 mg/mL) were then added to the upper chambers, while the lower chambers received PBS. After 8 hours, the lower 
chamber PBS was collected and analyzed for fluorescence intensity at 490/520 nm excitation/emission using 
a spectrofluorometer (n=3). FITC-MLP served as a non-specific interaction control. This design allowed for the 
comparison of transcellular transport efficiencies between formulations based on measured fluorescence intensity, 
reflecting the amount of FITC-labeled MLPs traversing the MDCK cell monolayer.

In vivo Studies Using Animal Models
Male Sprague-Dawley rats (280–320 g) were sourced from the reputable Laboratory Animal Center of Jiangxi University 
of Traditional Chinese Medic and housed individually in polycarbonate cages (45 x 35×18 cm) under controlled 
conditions. A 12-hour light-dark cycle, a temperature range of 20 ± 2 °C, and a humidity of 50–60% was maintained. 
The rats had ad libitum access to standard chow and water. Environmental enrichment was provided in the form of 
nesting materials. Prior to oral administration, a 12-hour fast ensured optimal conditions for the procedure. All animal 
care and experimental protocols strictly adhered to established ethical guidelines and received prior approval from the 
China Pharmaceutical University Animal Ethical Experimentation Committee.

In vivo Distribution Assays
To compare the in vivo distribution of MLP-CL and MLP-L, both liposomes were fluorescently labeled with FITC (5 mg/ 
kg) and orally administered to Sprague-Dawley rats (n=3). After 1 hour, the animals were euthanized, and intestinal 
tissues as well as selected organs (heart, liver, spleen, lung, kidney) were harvested. Biodistribution patterns of each 
formulation were visualized using fluorescence imaging conducted on a Bruker In Vivo FX Pro system. Besides, the 
duodenum, jejunum, and ileum segments were excised. Tissue sections (8 µm thick) were prepared and stained with 
DAPI and rhodamine-phalloidin to delineate cellular architecture.

Pharmacokinetics and Lymphatic Transport Studies
Pharmacokinetic Studies
To investigate the in vivo absorption of MLP formulations, pharmacokinetic studies were conducted in male Sprague- 
Dawley rats. After an overnight fast, the rats were randomly allocated into three groups and orally administered FITC- 
labeled MLP, FITC-labeled MLP-L, or FITC-labeled MLP-CL at a dose of 30 mg/kg. Subsequently, blood samples were 
collected from retro-orbital sinus at 0.5, 1, 2, 3, 4, and 5 hours post-administration. The blood samples were centrifuged 
at 1000 rpm for 3 minutes, and the resulting plasma supernatants were separated. Each 20 µL plasma supernatants was 
diluted with 140 µL of saline, vortexed, and then centrifuged at 3000 rpm for 5 minutes. The resultant supernatants 
(150 µL) were transferred to a 96-well plate for fluorescence intensity measurement using a microplate reader with 
excitation/emission wavelengths set at 490 nm/520 nm. The measured fluorescence intensities were corrected for 
background plasma fluorescence and converted to drug concentrations using a pre-established standard curve. 
Pharmacokinetic parameters were subsequently calculated using a non-compartmental analysis approach.

Lymphatic Transport Evaluation
To evaluate the lymphatic uptake of MLP formulations, a non-invasive cycloheximide-induced chylomicron flow 
blocking model was utilized in male Sprague-Dawley rats. After an overnight fast, the rats were randomly allocated 
into three groups and received intraperitoneal injections of cycloheximide solution (Sigma-Aldrich, Germany) (3 mg/ 
kg) to suppress chylomicron production. Twenty minutes later, each group was orally administered 30 mg/kg of either 
free FITC-labeled MLP, FITC-labeled MLP-L, or FITC-labeled MLP-CL via gastric lavage. Pre-dosing blood samples 
served as blank controls. Plasma samples were subsequently collected into heparinized tubes from the retro-orbital 
sinus at 0.5, 1, 2, 3, and 5 hours post-administration. Following centrifugation at 1000 rpm for 3 minutes, plasma 
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supernatants were separated. The plasma drug concentration was then quantified using the fluorescence measurement 
protocol described in the previous section, including background correction and conversion to concentration via 
a standard curve.

Results
Drug Loading and Encapsulation Efficiency
Various concentrations of MLP and lipids were evaluated to optimize drug loading and conjugation in liposomal 
formulations. For MLP-encapsulated liposomes (MLP-L), lipid dispersion was introduced drop-wise into an MLP 
solution (1 mg/mL) under magnetic stirring at 50°C for 60 minutes. The optimal conjugation rate (8.61%) and drug 
loading (1.89%) were achieved with a lipid-to-MLP ratio of 2:1:8:1.6. MLP-CL was prepared similarly, except the MLP 
solution was reacted with EDC and NHS prior to lipid addition. For MLP-CL, the optimal conjugation rate was 8.21%, 
with drug loading at 1.22% (Table 1).

Characterization of Liposomes
Particle size is a crucial factor in liposome stability. Smaller particles (eg, <200 nm) typically exhibit enhanced stability 
against aggregation due to stronger electrostatic repulsion from higher surface charge density.25 The particle size and PDI 
of MLP-L and MLP-CL were analyzed using DLS to confirm the stability and uniformity of the formulations. TEM plays 
a crucial role in verifying the morphology, structural integrity, and vesicular uniformity of liposomes, which can further 
verify the results of DLS and the microscopic morphology of the liposomes. MLP-L particles exhibited an average size 
of 264.23 nm and a spherical morphology, confirmed by DLS and TEM (Figure 1A and Table 1). In contrast, MLP-CL 
had a smaller average particle size of 150 nm and a spherical shape (Figure 2B and Table 1). The successful conjugation 
of MLP to both liposomal formulations was evident from the significant increase in average particle size compared to 
blank liposomes. The PDI values of both MLP-L and MLP-CL remained below 0.3, indicating uniform dispersion of 
particles.

In vitro Drug Release
The drug release profiles of MLP from MLP-L and MLP-CL were assessed under simulated gastric fluid (SGF) and 
simulated intestinal fluid (SIF) conditions. MLP release was quantified using UV spectrophotometry at 490 nm. MLP-L 
exhibited rapid release, reaching 80% within 4 hours in SGF, while MLP-CL showed a slower and sustained release, with 
only 40% of the drug released in the same timeframe (Figure 1C). This trend was consistent in SIF, indicating that MLP- 
CL may have enhanced stability and maintain the basic structure of liposomes.

Cell Viability Assays
MTT assay was employed to evaluate the impact of various formulations on the viability of MDCK cells. All groups, 
including FITC-MLP, FITC-MLP-L, and FITC-MLP-CL, exhibited viability approaching or exceeding 100% 
(Figure 2A), which suggests that these formulations did not induce significant cytotoxicity relative to the control 
group. In contrast to free FITC-MLP, both MLP-L and MLP-CL significantly enhanced cell viability at higher 
concentrations (50 µg/mL) (p < 0.05), potentially due to the advantageous effects conferred by phospholipids.26

Table 1 Physicochemical Properties of MLP-CL and MLP-L (Means ± S.D., n = 3)

MLP: DSPE:SPC: CHOL Size (nm)/PDI EE (%) Drug Loading (%)

MLP-CL 2:1:8:1.6 150.94±4.23/0.244±0.009 8.21±0.11 1.22±0.02
1:1:8:1.6 168.77±6.27/0.267±0.012 7.12±0.34 0.88±0.03

0.5:1:8:1.6 159.84±3.24/0.285±0.014 8.50±0.20 0.65±0.02

MLP-L 2:1:8:1.6 264.23±5.23/0.266±0.032 8.61±0.09 1.89±0.01

1:1:8:1.6 311.43±1.56/0.271±0.011 8.16±0.08 0.87±0.01
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Cellular Uptake Assays
Cellular uptake of the FITC-labeled formulations was quantified by measuring the fluorescence intensity of the FITC- 
labeled preparations in MDCK cells. All formulations exhibited a time-dependent decrease in fluorescence, suggesting 
potential drug efflux. However, compared with MLP-L, MLP-CL had higher fluorescence intensity at all time points, 
indicating higher cellular uptake (Figure 2B). The 8-hour groups displayed diminished fluorescence, indicating potential 
liposome degradation within MDCK cells, leading to the release of encapsulated drugs into the cytoplasm.

Uptake Mechanism Studies
Endocytic inhibitors, including amiloride, genistein, and chlorpromazine, as well as 4°C pretreatment, were employed to 
suppress macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, and energy-dependent endo-
cytosis in MDCK cells, respectively. The results demonstrated that treatment with amiloride, genistein, or 4°C 

Figure 1 Characterization of MLP-L and MLP-CL. (A and B) TEM images of MLP-L (A) and MLP-CL (B); (C) Drug release curves of MLP-L and MLP-CL in SGF and SIF.

Figure 2 Cell culture experiments with FITC-MLP, FITC-MLP-L, and FITC-MLP-CL. (A) MTT assay results of liposomal formulations (n=6). Statistical significance was 
calculated via two-tailed Student’s t-test. **Indicates P < 0.01, ***Indicates P < 0.001, while ns indicates no significant difference between the two groups. (B) Cell uptake of 
FITC-MLP, FITC-MLP-L, and FITC-MLP- CL. (C) Transcytosis of FITC-MLP, FITC-MLP-L, and FITC-MLP-CL (n=4). Statistical significance was calculated via two-tailed 
Student’s t-test. ***Indicates P < 0.001, while ns indicates no significant difference between the two groups. (D and E) Mechanism of cell uptake of MLP-L (D) and MLP-CL 
(E). Statistical significance with “without inhibitor” group was calculated via two-tailed Student’s t-test. *Indicates P < 0.05, **Indicates P < 0.01, ***Indicates P < 0.001, while 
ns indicates no significant difference between the two groups.
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significantly diminished the cellular uptake of FITC-MLPL, indicating that its internalization mechanism relies on 
caveolae-mediated and macropinocytosis pathways and appears to be energy-dependent (Figure 2D). In contrast, 
chlorpromazine markedly affected the uptake of FITC-MLPCL, underscoring clathrin-mediated endocytosis as the 
predominant internalization pathway.

Laser Confocal Microscopy Imaging
Then, the stability of various formulations and their uptake by MDCK cells were systematically investigated using 
a confocal laser scanning microscope (CLSM). Intact liposomes were labeled with FITC, while MLP was labeled with 
Cy5 to prepare FITC/Cy5 dual-labeled liposomes. Following administration, MLP-CL exhibited consistent colocalization 
of FITC and Cy5 signals, indicating intact delivery into the cytoplasm (Figure 3B). In contrast, inconsistent localization 
patterns were observed in the MLP-L groups, suggesting potential lysosomal degradation (Figure 3A). When combined 
with the findings from in vitro release experiments, the colocalized fluorescence of dual-labeled MLP-CL further 
confirms the structural stability of the liposomes and the sustained intracellular release of the encapsulated cargo.

Transcellular Transport Assessments
The MDCK cell transcellular transport assay was employed to evaluate the transcellular transport capability of various 
formulations (Figure 2C). The results demonstrated that MLP-CL exhibited markedly stronger FITC fluorescence in the lower 
chamber compared to free MLP, indicating a significant enhancement in the transcellular transport efficiency of MLP. MLP-L 
slightly improved the transcellular transport capacity of MLP; however, no statistically significant difference was observed. 
Notably, MLP-CL showed significantly greater accumulation compared to MLP-L (p < 0.05), suggesting that the caged- 
liposome structure facilitates enhanced transcytosis. This observation, coupled with the previous findings on cellular uptake, 

Figure 3 Intracellular integrity and in vivo imaging. (A) CLSM imaging of MDCK cells treated with MLP-L after 2, 4, and 8 h. MLP (red), liposomes (green), nucleus (blue). (B) 
CLSM imaging of MDCK cells treated with MLP-CL after 2, 4, and 8 h. MLP (red), liposomes (green), nucleus (blue). (C) In vivo fluorescence images of the heart, liver, 
spleen, kidneys, lungs, and intestines after administration of MLP-L and MLP-CL. (D) CLSM imaging of intestines after administration of MLP-L and MLP-CL.
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shows that MLP-CL may expedite overall cellular translocation and transcytosis across the epithelial barrier. While MLP-CL 
displayed higher internalization, potential intracellular degradation warrants further investigation to assess its bioavailability.

Distribution of Liposomes in the Intestines
Utilizing in vivo imaging systems (IVIS), the intestinal uptake of both MLP-L and MLP-CL was further validated 
(Figure 3C). One hour post-administration, both formulations exhibited significant accumulation within the gastrointest-
inal tract and demonstrated comparable fluorescence intensity. However, in vitro studies highlighted that MLP-CL 
exhibited higher cellular uptake and enhanced transcellular transport compared to MLP-L, as demonstrated by increased 
fluorescence intensity and significant accumulation in the lower chamber of the transwell assay (Figure 2C). This 
indicates that the MLP-CL formulation may facilitate more efficient transcytosis across the epithelial barrier, thereby 
improving its overall bioavailability.

Then, CLSM analysis of intestinal sections revealed distinct differences in the distribution patterns of MLP-CL and 
MLP-L (Figure 3D). Intense and widespread fluorescent signals were observed in the intestinal villi and submucosal 
regions for MLP-CL, significantly exceeding the fluorescence intensity of MLP-L. Combined with the results of cellular 
uptake assays and transcellular transport assessments, these findings indicate that the caged-MLP structure may enhance 
both intestinal uptake and penetration efficiency. Additionally, the absence of detectable fluorescence in the liver and 
kidney suggests that the lymphatic system predominantly governs the in vivo distribution of these formulations 
(Figure 3C).

In vivo Evaluation of Pharmacokinetics and Lymphatic Transport
Pharmacokinetic Studies
Pharmacokinetic studies of MLP, MLP-L, and MLP-CL were conducted in healthy rats, and the pharmacokinetic 
parameters for each formulation are summarized in Table 2. The pharmacokinetic data further underscore the superior 
bioavailability of MLP-CL (Figure 4A and Table 2). The area under the curve (AUC) for MLP-CL was significantly 
higher compared to the free MLP and MLP-L, indicating improved absorption. Besides, all groups exhibited a plasma 
half-life (t1/2) of less than 1 hour (Figure 4A). This rapid absorption and elimination may represent inherent character-
istics of MLP, consistent with existing literature demonstrating similar behavior for chitosan-based delivery systems. 
Notably, compared to free MLP, both liposomal formulations, particularly MLP-CL, achieved significantly higher AUC 
values, indicating a marked enhancement in absorption. The improved absorption is likely attributable to the caged 
structure of MLP-CL, which enhances the overall structural integrity. This protected MLP from degradation in the 
gastrointestinal microenvironment, including gastric acid, microbial activity, and metabolic enzymes, ultimately bypass-
ing the gastrointestinal first-pass effect. In addition, lymphatic transport is likely to play a significant role in this process.

Table 2 Pharmacokinetic Parameters of Each Group of Preparations Under Two Conditions (Means ± S.D., n = 3)

Groups Cmax (µg/mL) Tmax (h) t1/2(h) t1/2(h) AUC0→24h (h·µg/mL) Lymphatic  
Transport Rate (%)

Free MLP 2.77±1.51 0.78±0.61 0.36±0.09 2.25±0.65 7.23±3.53 –
Free MLP (inhibited) 2.61±1.17 0.28±0.11 2.74±0.84 5.40±2.56 17.352±2.34

MLP-L 4.26±0.19 0.28±0.11 0.72±0.37 5.97±2.08 13.97±4.78 18.05
MLP-L (inhibited) 2.22±0.32 1.08±0.92 3.64±1.82 4.89±0.16 11.44±3.56

MLP-CL 9.26±8.47 0.45±0.28 0.27±0.01 20.87±17.20 21.76±16.73 63.56

MLP-CL (inhibited) 3.71+1.86 1.17±0.44 0.84±0.27 7.60±3.23 7.92±5.29

Abbreviations: MLP, mulberry leaf polysaccharide; EDC, 1-ethyl -(3-dimethylaminopropyl) carbamide diimide; NHS, N-hydroxysuccinimide; FITC, fluorescein 
isothiocyanate; SPC, soybean lecithin; DSPE, 1.2-distearoyl-sn-glycero-3-phospho-ethanolamine; DLS, dynamic light scattering; EE, encapsulation efficiency; DL, 
drug loading; TEM, transmission electron microscope; MTT, methyl thiazolyl tetrazolium; DMEM, dulbecco’s modified eagle medium; SGF, simulated gastric 
fluid; SIF, simulated intestinal fluid; CLSM, confocal laser scanning microscopy; t1/2, half-life; AUC, area under the curve.
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Lymphatic Transport Evaluation
To evaluate the contribution of lymphatic transport, a non-invasive cycloheximide-induced chylomicron flow blocking 
model was employed and the pharmacokinetic procedure was conducted subsequently. By comparing changes in 
AUC0-5h, the efficiency of lymphatic transport for different formulations could be quantified. The results demonstrated 
different MLP formulations possessed distinct absorption pathways (Figure 4B–D). Free MLP maintained its AUC0-5h, 
indicating that it primarily relied on intestinal absorption. MLP-L exhibited an 18.05% reduction in AUC0-5h (Table 2), 
suggesting that ~18% of its absorption depends on lymphatic transport. In contrast, MLP-CL demonstrated a 63.56% 
AUC0-5h reduction, indicating that lymphatic transport accounts for >60% of its total absorption (Table 2). This different 
absorption patterns suggest that the caged liposome alters the absorption mechanism. This may be attributed to the fact 

Figure 4 In vivo pharmacokinetic properties of liposomes. (A) Pharmacokinetic properties of FITC-MLP, FITC-MLP-L, and FITC-MLP-CL in healthy rats (n=3). (B-D) 
Evaluation of lymphatic transport of FITC-MLP (B), FITC-MLP-L (C), FITC-MLP-CL (D) in healthy (without treatment of inhibitor) and in cycloheximide-inhibited rats (n=3). 
(E, F) Statistical analysis of AUC0-5h (E) and t1/2 (F) of FITC-MLP, FITC-MLP-L, and FITC- MLP-CL. Statistical significance was calculated via two-tailed Student’s t-test. 
*Indicates P < 0.05, **Indicates P < 0.01, ***Indicates P < 0.001, while ns indicates no significant difference between the two groups.
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that MLP-CL forms an amphiphilic structure that preferentially associates with chylomicrons, thereby enhancing 
lymphatic uptake and avoiding hepatic first-pass metabolism through the portal circulation. Additionally, treatment 
with the pathway inhibitor markedly prolonged the t1/2 of MLP across all groups (Figure 4F). This prolongation likely 
corresponds to the increased AUC0-5h observed in the free MLP group, implying that the inhibitor may have influenced 
overall circulation or metabolism. Although the extended t1/2 partially compensated for the AUC0-5h reduction in the 
MLP-L and MLP-CL groups, it might underestimate the actual lymphatic transport rate.

Discussion
In this study, a novel drug-caged liposome (MLP-CL) was developed to investigate its potential in enhancing the oral 
delivery efficiency of MLP compared with conventional drug-encapsulated liposomes (MLP-L). The drug loading and 
conjugation efficiency of MLP-CL were optimized, the drug loading and conjugation efficiency of MLP-CL were 
optimized, achieving conjugation efficiencies of 8.61% and drug loading of 1.22%. Both formulations exhibited particle 
sizes that were consistent with the expectations for stability and drug delivery. Specifically, MLP-L demonstrated a larger 
average size of 264.23 nm, while MLP-CL showed a smaller size of 150 nm, which may enhance tissue penetration. 
Additionally, both liposomal formulations displayed uniform dispersion with PDI below 0.3, ensuring reliable and 
consistent performance.27

In vitro release profiles under simulated gastric and intestinal conditions revealed that MLP-L released approximately 
80% of its drug within four hours in simulated gastric fluid (SGF), while MLP-CL showed a significantly slower release 
(40%). This sustained release profile ensures that MLP remains caged within liposomes during gastrointestinal transit, 
facilitating absorption in the form of lipidic nanoparticles via lymphatic pathways. Due to its inherent hydrophilicity, 
released MLP would otherwise face challenges in transmembrane absorption. Furthermore, the controlled release of MLP 
from liposomes ensures prolonged circulating time and therapeutic efficacy, addressing the limitations of rapid clearance 
associated with conventional formulations. This could potentially reduce the frequency of dosing, thereby improving 
patient compliance, especially in chronic therapies.28 Besides, this steady release could result in fewer fluctuations in 
drug concentration, which not only enhances therapeutic efficacy but also reduces the risk of adverse side effects that are 
commonly associated with rapid drug release. Previous studies have consistently shown that slower-release formulations 
can lead to prolonged therapeutic effects and better control over drug levels in circulation.29

Both MLP-L and MLP-CL exhibited negligible cytotoxicity in MDCK cells, indicating their potential for safe clinical 
use. Notably, both formulations significantly enhanced cell viability compared to free MLP, likely due to increased 
stability and bioavailability from liposome encapsulation. MLP-CL demonstrated higher cellular uptake than MLP-L, 
which may be attributed to the conjugation method facilitating more efficient interaction with cell membranes, promoting 
improved internalization. The cellular uptake and transcellular transport of MLP-L and MLP-CL were influenced by 
different internalization pathways. MLP-L uptake was inhibited by amiloride and colchicine, indicating caveolae- 
mediated endocytosis and macropinocytosis, whereas MLP-CL uptake was significantly reduced by chlorpromazine, 
pointing to clathrin-mediated internalization.30 This difference likely accounts for the higher uptake of MLP-CL, as 
supported by MDCK cell transcellular transport assay, which showed significantly greater accumulation of MLP-CL in 
the lower chamber, suggesting enhanced transcytosis. MLP-CL’s greater intracellular stability and efficient transcellular 
transport may lead to more consistent and sustained drug delivery, improving drug absorption across epithelial barriers.31

First-pass metabolism, a significant barrier in oral drug delivery, often leads to reduced bioavailability by decreasing 
the drug amount that reaches systemic circulation. By circumventing first-pass metabolism, MLP-CL not only enhances 
systemic availability but also enables more precise control over the therapeutic effect, particularly for compounds that are 
prone to rapid degradation or metabolism in the gastrointestinal tract. Firstly, the caged structure of MLP-CL enhances 
the overall structural integrity, thereby protecting MLP from degradation in the gastrointestinal microenvironment, 
including gastric acid, microbial activity, and metabolic enzymes, ultimately bypassing the gastrointestinal first-pass 
effect. Similar findings have been reported in studies investigating the use of lipid-based carriers to enhance drug 
absorption and reduce the limitations of gastrointestinal degradation and metabolic clearance.32 Further examination of 
pharmacokinetics indicated that MLP-CL demonstrated a significantly lesser reduction in AUC values compared to free 
MLP and MLP-L within the cycloheximide-induced chylomicron blockade model, suggesting that its preferential 
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lymphatic absorption. This could prevent MLP from entering the portal vein, thereby reducing hepatic first-pass 
metabolism and improving bioavailability.33 These findings are aligned with previous studies on liposomal formulations, 
which demonstrate the benefits of lymphatic transport in improving bioavailability and reducing the impact of first-pass 
metabolism.34

This study underscores the potential of liposomal drug delivery systems, particularly MLP-CL, in enhancing the oral 
bioavailability and therapeutic efficacy of natural compounds like MLP. MLP-CL offers significant advantages over 
conventional formulations, including enhanced structural integrity, controlled release, and efficient lymphatic uptake. 
These attributes offer a potential strategy to improve therapeutic outcomes and reduce the challenges of gastrointestinal 
degradation and metabolic clearance.

Conclusion
This study demonstrates that MLP-caged liposomes (MLP-CL) exhibit significant advantages over conventional encap-
sulated liposomes (MLP-L) in oral drug delivery. By covalently conjugating MLP to the liposomal surface, MLP-CL 
achieves enhanced structural stability in the gastrointestinal tract, ensuring intact absorption through lymphatic pathways. 
This mechanism bypasses hepatic first-pass metabolism, thereby substantially improving systemic bioavailability. 
Notably, the polysaccharide-lipid conjugation enhances MLP’s lipophilicity, facilitating efficient lymphatic uptake 
(63.56% for MLP-CL vs 18.05% for MLP-L), which is the basis of its superior pharmacokinetic performance. In 
summary, MLP-CL represents an effective strategy for oral delivery of hydrophilic polysaccharides. By integrating 
lymphatic targeting with sustained release, this system addresses challenges in bioavailability and metabolic degradation, 
offering a promising platform for chronic disease management and polysaccharide compound delivery.

However, this work did not investigate how varying conjugation ratios influence the physicochemical properties or 
drug release kinetics of MLP-CL, which may affect therapeutic outcomes. Excessive conjugation might impede drug 
release, while insufficient binding could compromise stability and absorption. Future studies should focus on optimizing 
conjugation efficiency to obtain more favorable release rate for the optimum absorption. Additionally, evaluating long- 
term safety and scalability of MLP-CL will be essential for clinical translation.
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