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HIGHLIGHTS

« The anthocyanin nanodelivery system
CLS with “molecular cap” protection
was constructed.

« The design and absorption behavior
of CLS are guided by computational
chemistry.

« CLS increased anthocyanin
absorption into blood >13 times and
lung enrichment >25 times.

« CLS exhibits significant oral lung
targeting and intestinal sustained-
release effects.
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GRAPHICAL ABSTRACT

ABSTRACT

Introduction: Anthocyanins have various health benefits but are limited by fast elimination and low
bioavailability. Many studies have shown that nano delivery systems are effective in improving the
intestinal absorption and bioavailability of anthocyanins. However, in the process of selecting antho-
cyanin nanomaterials, a dilemma is faced: numerous functional nanomaterials lack edible properties,
it is difficult to meet the edible and functional requirements of nanomaterials simultaneously.
Therefore, it is necessary and inevitable to select nano-anthocyanin carriers that are edible and have cer-
tain functional and morphological characteristics.

Objectives: The study aim to provide an efficient, sustained-release and easy to industrialize nanosystem
method to solve the problem of low bioavailability of anthocyanins.

Methods: A succinylated casein-phospholipid-anthocyanin nanosystem (CLS) was designed via computa-
tional chemistry-guided one-step self-assembly. Morphological, in vitro/in vivo digestion, pharmacoki-
netic were conducted. Furthermore, the effects of CLS on intestinal microecology were verified by
using enteritis model animals, and the lung-targeting effect of CLS on lung health was verified by using
lung injury model animals.
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Results: CLS exhibited 24-hour

Journal of Advanced Research xxx (xXxx) xxXx

intestinal sustained release and lung-targeted enrichment.

Pharmacokinetic studies showed 25.7-fold higher lung AUC(o.) and 13.1-fold higher blood AUCo.) com-
pared to free anthocyanins. CLS significantly alleviated lung injury and colitis in model rats via the gut-

lung axis.

Conclusion: This study significantly improved the bioavailability of anthocyanins and demonstrated the

oral lung-targeting function of anthocyanins for the first time, paving the way for utilizing anthocyanins

as dietary supplements and precision nutrition.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Anthocyanins are important water-soluble pigments in plants
and are commonly found in flowers, leaves, stems and pericarp
[1]. These compounds are secondary metabolites involved in
plant stress resistance [2]. Anthocyanins are generally synthe-
sized in the cytoplasm and endoplasmic reticulum of cells and
are subsequently transported to vacuoles, where they are stained
red, blue, purplish red or purplish black [3]. In addition, antho-
cyanins impart colorful colors to plant organs and can attract
insects to spread pollen, which is conducive to seed formation
and propagation and to offspring breeding [4]. With the dietary
intake of plant-derived foods rich in anthocyanins, it was further
found that anthocyanins have a variety of physiological health
care functions, such as scavenging free radicals in the body [5],
exerting antitumor effects [6], protecting the liver [7] and lungs
[8], preventing diabetes [9], protecting eyesight [10] and improv-
ing Alzheimer’s disease [11]. Therefore, an increasing number of
people are paying attention to the anthocyanin diet. From the
perspective of resident diet and recommended intake, the intake
of anthocyanins in the diet of American residents is approxi-
mately 12.5-42.8 mg/d, the intake of European Union residents
is approximately 18.7-64.9 mg/d, and the intake of Chinese resi-
dents is approximately 9.6-43.1 mg/d, all of which demonstrate
the importance of anthocyanins for nutritional health [12,13].
However, the bioavailability of anthocyanins in vivo is extremely
low [14]. Studies have shown that the biological concentration of
anthocyanins in plasma is generally approximately 1 % of the
total consumption, the blood absorption t, is only approxi-
mately 0.5 h, and almost all of these compounds are eliminated
in 2 h [15]. The low absorption rate of anthocyanins leads to inef-
fective use of their functions, which seriously restricts the nutri-
tional value of anthocyanin-rich foods [16]. Therefore, conducting
research on the biological absorption of anthocyanins and finding
effective methods to improve their bioavailability are the keys to
realizing the nutritional value of foods rich in anthocyanins, and
this topic is currently popular and difficult.

In recent years, many studies have shown that nanodelivery
systems are effective at improving the intestinal absorption and
bioavailability of anthocyanins [17]. Nanodelivery carriers are
widely used in food, medicine and chemistry due to their high
bioavailability and ability to enhance the sustained release, target-
ing and controllability of loaded active molecules [18,19]. In the
process of selecting anthocyanin nanomaterials, we are faced with
a dilemma: (I) To pursue the targeting and functionality of
nanosystems, use inedible materials for loading and modification;
(II) To meet the requirements of edibility, food materials were
selected as carriers, but they failed to achieve good morphological
characteristics (particle size, PDI, etc.), functional characteristics
and targeting characteristics. Therefore, choosing a carrier for
anthocyanin nanosystems, which are both edible and have certain
functional and morphological characteristics, is necessary and is an
inevitable development trend.

The fundamental reason for the low bioavailability of antho-
cyanins is the presence of 2-phenyl benzopyrilium (flavylium) salts
on the C-ring of their molecular structure [26]. This results in
anthocyanins exhibiting strong hydrophilicity (logP < 1) and poor
cell penetration ability (tPSA > 120), making it difficult for antho-
cyanins to penetrate the absorption barrier (mucus layer and phos-
pholipid bilayer) into the bloodstream [1]. Therefore, the design
and development of anthocyanin absorption and delivery systems
are vastly different from those of other liposolubilizing natural
active molecules, such as curcumin [27], astaxanthin [19], and
resveratrol [28]. Improving the solubility of anthocyanins should
be the first problem to be considered, followed by the difficulty
of accessing the positive charge of the anthocyanin structure
through the electronegative small intestinal mucus layer and the
electronegativity of nanocarriers[25]. To increase the application
value of the anthocyanin nanodelivery system, the simplicity of
the process should also be considered.

Herein, this study selected amphiphilic phospholipids as the
material for improving lipid solubility. In our previous study,
casein was found to be an ideal skeleton material for anthocyanin
delivery [26]. To make the system ultimately negatively charged,
casein was acylated and modified. The succinylated casein-
phospholipid-anthocyanin nanosystem (CLS) was designed and
constructed by a one-step self-assembly method with the help of
computational chemistry simulation. Moreover, morphological
characterization, nanosystem force analysis, in vitro simulated
digestion and absorption, and in vivo and in vitro absorption and
uptake experiments of CLS were carried out, focusing on the
intestinal absorption of CLS and its influence on the gut microbiota,
and the targeted enrichment of CLS was analyzed by fluorescence
imaging and pharmacokinetics. Furthermore, the effects of CLS
on intestinal microecology were verified by using enteritis model
animals, and the lung-targeting effect of CLS on lung health was
verified by using lung injury model animals. This study provides
an efficient, sustained-release and easy to industrialize nanosys-
tem method to solve the problem of low bioavailability of antho-
cyanins (Scheme 1).

Materials and methods
Chemicals

Casein (CAS 9000-71-9), succinic acid (CAS 110-15-6), lecithin
(CAS 8002-43-5), fluorescein isothiocyanate (FITC, CAS 27072-45-
3), trypsin (CAS 9002-07-7), pepsin (CAS 9001-75-6), 4’,6-diami
dino-2-phenylindole (DAPI, CAS 28718-91), thiazole blue (MTT,
CAS 298-93-1), and sodium hydroxide (NaOH, CAS 1310-73-2)
were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Cyanidin-3-glucoside (C3G) was prepared in our labora-
tory (purity > 95 %) from ‘Lanmei 1’ blueberry anthocyanins
extract (Zhejiang Lanmei Technology Co., Ltd, Zhuji, China). A
DMSO-dg (CAS 2206-27-1) solution was obtained from Sigma-
Aldrich (USA).
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Scheme 1. Under the guidance of computational simulation, the oral anthocyanin nanosystem with lung targeting and intestinal sustained-release functions was constructed

and its efficacy was verified.

Screening of carrier materials based on computational chemistry
assistance

The protein selection materials included common food grade
proteins such as casein, soy protein, bovine serum protein, peanut
protein, albumin, gluten, whey protein, collagen, egg white protein,
soy protein, lactoferrin, phycocyanin, silkworm pupa protein, rice
protein, and lactoglobulin. The lipid classification system proposed
by the “Lipid Metabolism Pathway Research Program” funded by
the National Institutes of Health (NIH) [29] in 2003 divides lipids
into eight major categories: fatty acids, glycerolipids, glycerophos-
pholipids, sphingolipids, sterol lipids, preenol lipids, saccharolipids
and polyketides. Then, molecular simulation studies were con-
ducted on the selected proteins and lipids with C3G, as detailed
in the Supporting Information.

Preparation of succinylated casein (SCN)

Casein (0.5 g) was dispersed in 40 mL of NaOH (0.04 mol/L), and
80 mL of pH 7.4 PBS was subsequently added and stirred at 65 °C
for 2 h. Succinic anhydride (375 mg, dissolved in 10 mL of pH 7.4
PBS) was slowly added dropwise while stirring. After 1 h, 2 M
NaOH was added, and the pH was adjusted to 8.5. After stirring
for 30 min, the reaction ended. The reaction mixture was dialyzed
at 4 °C for 24 h, during which the water was changed 3 times, and
after freeze-drying, the mixture was stored at 4 °C for later use.

Characterization of casein and SCN

Casein and SCN were dissolved in buffer solutions with different
pH values (pH 3-8), and the changes in zeta potential were subse-
quently measured via a nanoparticle size potentiometer (Nano-
7590, Malvern, UK). Casein (10 mg) and SCN (10 mg) were dis-
solved in DMSO-dg solution and transferred to NMR tubes. Bruker
ARX-300 spectrometers (Ziirich, Switzerland) were used to acquire
'H NMR spectra with tetramethylsilane (TMS) serving as an inter-
nal standard.

One-step self-assembly of anthocyanin nanoparticles

For preparation of the phospholipid solution, 200 mg of phos-
pholipids was weighed, 20 mL of ethanol was added, and the mix-
ture was ultrasonicated for 5 min. Prepare SCN solution: weigh
15 mg SCN, add 7.5 mL ultrapure water, and ultrasonic for 5 min.
C3G-phospholipid (CL) complex preparation steps: 5 mg of antho-
cyanins were weighed in a vial and dissolved in 1 mL of pH 1.2 HCL.
1 mL of the 10 mg/mL phospholipid solution was added to the vial,
which was then incubated in a water bath for 2 h to mix the two
thoroughly. C3G-phospholipid with SCN-modified (CLS) complex
preparation steps: 5 mg of anthocyanins were weighed in a vial
and dissolved in 1 mL of pH 1.2 HCl. 1 mL of the 10 mg/mL phos-
pholipid solution was added to the vial. After the solution was stir-
red in a water bath at 40 °C for 15 min, 2.5 mL of an ultrapure
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water (SCN) solution was added, and the mixture was then incu-
bated in a water bath for 2 h to mix the two thoroughly.

Characterizations of the CL and CLS nanocomposites

Transmission electron microscopy (TEM)

The prepared CL and CLS were ultrasonically dispersed to pre-
pare a dispersion with a concentration of approximately 200 pg/
mL, after which the sample was dropped onto a copper mesh and
dried for TEM characterization.

Atomic force microscopy (AFM)

CL and CLS were dispersed in ultrapure water to prepare a test
solution with a concentration of approximately 100 pg/mL, after
which the test solution was dispersed onto a mica sheet and
allowed to dry naturally, after which the surface morphology of
CL and CLS was observed via AFM.

Dynamic light scattering (DLS)

The test sample was dispersed in ultrapure water to prepare a
sample solution with a concentration of approximately 100 pg/
mL, 1 mL of sample was added to the particle size cup, and the par-
ticle size distribution, polydispersity coefficient (PDI) and (-
potential of the nanoparticles were measured with a Malvern Zeta-
sizer Nano-ZS (Malvern Inst. Ltd., UK).

Circular dichroism (CD) spectroscopy

The SCN, CLS and CL sample solutions were used at a concentra-
tion of approximately 200 pg/mL, and the samples were scanned
with circular dichroism at 190-300 nm.

Fluorescence spectroscopy

SCN, C3G, CLS and CL solutions with a concentration of 200 pg/
mL were used for fluorescence spectroscopy analysis. The excita-
tion wavelength was 280 nm, the emission wavelength was 300-
400 nm, and the fluorescence spectrum of the sample was mea-
sured at 1 nm/min.

Infrared spectroscopy
The sample and KBr were mixed and pressed in a dry environ-
ment, and FT-IR measurements were conducted in the range of

400 cm~'-4000 cm™' with a resolution of 1 cm™".

UV-Vis spectroscopy

C3G, SCN, CL, and CLS were dissolved in a phosphate buffer
solution to prepare a sample solution with a concentration of
100 pg/mL. The sample was subsequently added to a quartz cuv-
ette, after which full-wavelength UV scanning was performed.

Oil-water partition coefficient

10 mL of n-octanol solution was added to an equal volume of
10 mL of water. After sealing, the mixture was placed on a mag-
netic stirrer and stirred at 37 °C for 24 h. Then, the mixture was
placed in a separatory funnel and left to stand for several hours,
after which the upper layer of water-saturated n-octanol and the
lower layer of saturated aqueous n-octanol were removed for
use. C3G, CL and CLS were added to a two-phase solution of
1 mL of water and 1 mL of n-octanol (the n-octanol phase needs
to be saturated with the solution for more than 24 h before the
experiment), after which the mixture was shaken well. After reach-
ing distribution equilibrium, the concentrations in the organic
phase Cy and the water phase C,, were measured.

Loading efficiency (LE) and encapsulation efficiency (EE)
10 mL of nanosystem solution was centrifuged at 5000 rpm for
30 min, the filtrate was collected. Then the absorbance was mea-
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sured using a UV spectrophotometer at a wavelength of 520 nm,
and the encapsulation efficiency (EE) was calculated.

15 mg of the nanosystem was weighed and placed in a 100 mL
volumetric flask. The solution was diluted to volume with a pH 1.2
hydrochloric acid solution, sonicated for 4 h, and transferred to an
ultrafiltration centrifuge tube. The mixture was centrifuged at
5000 rpm for 30 min. The initial filtrate was discarded, and the
absorbance was measured using a UV spectrophotometer at a
wavelength of 520 nm to calculate the drug loading efficiency (LE).

Oil-water partition coefficient

C3G, CL and CLS were added to a two-phase solution of 1 mL of
water and 1 mL of n-octanol (the n-octanol phase needs to be sat-
urated with the solution for more than 24 h before the experi-
ment). After fully shaking to reach distribution equilibrium, the
C3G concentrations in the organic-phase Cy, and the aqueous-
phase Cyw were measured.

Determination of the saturated solubility of C3G, CL and CLS in n-
octanol

Excess C3G, CL and CLS were added to 1 ml of n-octanol solution
and incubated at 37 °C for 48 h on a shaking table. The supernatant
was diluted with n-octanol to an appropriate concentration. The
blank n-octanol was used to measure the absorbance of the super-
natant with a spectrophotometer at 536 nm, after which the satu-
rated solubility was calculated.

Nanoparticle element analysis

X-ray photoelectron spectroscopy (XPS) was used to analyze the
elemental composition of the nanosystem. A KRATOS Axis Supra
photoelectron spectrometer was used, and the excitation light
source was Al Ko X-rays (energy 1486.6 eV), power 400 W, and
basic vacuum 6 x 10~° Torr. The C1s spectral line of the externally
contaminated carbon was corrected for sample charging effects at
285.0 eV. EScape software was used for data processing.

Verification of the SCN buffer capacity

The SCN was dissolved in ultrapure water, the pH was adjusted
to 4 with hydrochloric acid (pH 1.2), different amounts of 0.1 M
NaOH solution were added to different solutions, and the pH of
the solution was measured with a pH meter.

Nano system buffer capacity test

C3G, CL, and CLS were dispersed in a hydrochloric acid solution
(100 pg/mL) at pH 4.0, and different amounts of 0.1 M NaOH solu-
tion were added to the solution until the pH was approximately 4-
9. The solution was subsequently photographed and observed. The
films were tested by using a scanner (n =9), and the R, G, and B val-
ues of the indicated films were obtained. The response sensitivity
(Sgrgp) of sodium hydroxide to the chromaticity of the nanosystem
was calculated according to the following equation:

AR+ AG + AB
R+G+B
where R, G, and B are the initial values of red, green and blue,

respectively, in C3G and AR, AG, and AB are the differences
between CL/CLS and C3G.

SRGB = x 100%

Molecular size simulation

C3G, phosphatidylcholine (the main component of phospho-
lipids), and modeled casein were used to calculate the particle size
of the nanocomposites. The molecular structures of the small
molecules C3G and phosphatidylcholine were optimized by a
ChemBiodraw 3D (version 2014) MM?* force field, and simple
charge optimization of macromolecular casein was carried out in
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Python Molecular Viewer (PyMOL, version 1.8.2). The optimized
molecules were simulated and measured by Spartan’24, and the
three-dimensional X/Y/Z spatial particle size was obtained.

Molecular dynamics analysis of self-assembled nanosystems

The wild-type target protein was manually mutated using
MEGA12.9 to replace Lys, Arg, and Gln residues on the protein sur-
face with amino acids that can react with succinic acid. C3G and PC
small molecules were prepared with the ligprep module and flex-
ibly docked using induced fit docking. Mutant proteins were opti-
mized using the Protein Preparation Wizard in Schrédinger, and a
grid file defining the docking pocket was generated using the
Receptor Grid Generation module in Maestro. The ATP pocket
was used as the center of the active pocket, and molecular docking
was performed with the Glide docking module using SP precision.
Based on the C3G-PC complexes obtained by the above operations,
kinetic simulation studies were conducted on C3G-SCN complexes
and C3G-PC-SCN complexes using Desmond software. The com-
plexes were dissolved in an SPC solvent box with a periodic bound-
ary size of 10*10*10 A, and NA+ neutralization system was added.
1000 frames of conformation were simulated and outputted for
subsequent analysis.

Simulated digestion and release

C3G release in simulated gastric fluids

50 mg of C3G, CL and CLS were weighed, dispersed in 5 ml of
simulated gastric juice (37 °C), and rotated at 125 rpm. After
0.25h,0.5h,1h,2h,3h,4h, and 6 h, all the release media were
removed, and an equal volume of release media was added at
37 °C. UV absorption was measured at a wavelength of 536 nm.

Release of C3G in simulated intestinal fluids

50 mg of C3G, CL and CLS were weighed and dispersed in 5 mL
of simulated intestinal fluid (37 °C) at a speed of 125 rpm. After
0.25h,0.5h,1h,2h,4h,6h,9h,12 h, and 24 h, the release med-
ium was removed, and an equal volume of 37 °C simulated intesti-
nal juice release medium was added at the same time. The pH of
the removed liquid was adjusted to 1.2 by adding hydrochloric
acid, and the UV absorption was measured at a wavelength of
536 nm.

Release of C3G in simulated gastrointestinal fluids

First, 50 mg of CL and CLS samples was weighed and dispersed
in 5 mL of simulated gastric juice (37 °C) at a rotation speed of
125 rpm. After 0.25 h, 0.5 h, 1 h, and 2 h, all the release media were
removed, and an equal volume of release media was added at
37 °C. UV absorption was measured at a wavelength of 536 nm.
After 2 h, an equal volume of 37 °C simulated intestinal fluid
release medium was added for the release experiment. The cutoff
time was 24 h, and the method was the same as that described
above.

Preparation of FITC-labeled CLS samples

The prepared CLS sample was dispersed in PBS buffer and FITC
fluorescent dye was added at a mass ratio of 25:1. After reacting for
12 h in the dark, the sample was collected by centrifugation and
dialyzed to remove unattached free FITC dye. Caco-2/HepG2 cells
were seeded in a 24-well plate and incubated for 24 h. FITC-
labeled CLS was added at a concentration of 25 pg/mL in serum-
free medium and incubated for different durations. The cells were
then washed with PBS, fixed with formaldehyde, stained with
DAPI, and observed under a CLSM.
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Molecular dynamics calculations of the uptake capacity of CLS and
3G

MD was used to study CLS and C3G penetration of cell mem-
branes. CHARMM 36 force field was used for lipid bilayer simula-
tion. System was equilibrated for 20 ns, then small molecules
were added and accelerated for transmembrane process. Integra-
tion time step was 1 fs, temperature was 298 K. Cutoff of 1.2 nm
for nonbonding interactions, Ewald method for long-distance elec-
trostatic interactions.

Study on the intestinal retention time of CLS

The residence time of CLS in the gastrointestinal tract was
investigated by a small animal in vivo imager. Healthy Kunming
mice weighing approximately 18-22 g were fasted for 12 h before
the experiment. Cy5 NHS-labeled CLS was administered by gavage
at a dose of 1 mg/kg, and the control group was given the same vol-
ume of normal saline. The mice were sacrificed at 0, 2, 4, 8, 12 and
24 h. The small intestine was dissected and removed. The contents
were removed by gently swinging and washing with normal saline.
After the excess water was removed by filter paper, a small animal
in vivo imager was used for analysis.

Biodistribution of CLS in vivo

Retention in mice and their GI tract

The retention time of CLS in the gastrointestinal tract was inves-
tigated using a small animal in vivo imager. Healthy Kunming mice
weighing approximately 18-22 g were fasted for 12 h before the
experiment. Cy5.5-labeled CLS was administered by gavage at a
dose of 1 mg/kg, and the control group was given the same volume
of normal saline. Mice were sacrificed at 0, 2, 4, 8, 12 and 24 h, after
which the small intestine was dissected. The contents were
removed by gently shaking with normal saline, and the excess
water was removed with filter paper and subsequently analyzed
via a small animal living body imager. All animal experiments were
performed in compliance with the relevant laws and institutional
guidelines for the care and use of laboratory animals in China.
The experiments were also reviewed and approved by the Ethical
Review Committee and Laboratory Animal Welfare Committee of
Shenyang Agricultural University, and the animal ethical approval
number is 2023041002.

Retention in major organs and the intestinal villus

Following the operational steps and time points of active imag-
ing, mouse intestinal tissue was taken and cross-sectional section-
ing was performed. The tissue was stained with DAPI, and the
uptake of Cy5.5-labeled CLS in the intestine was observed via
CLSM. The heart, liver, spleen, lungs, and kidneys were also dis-
sected and removed. The samples were washed with physiological
saline, cleaned of residual blood, and placed on slides for observa-
tion in a live imaging device.

LC-MS determination of C3G distribution in major organs

Blood and organ tissues were collected at various time points
(0 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h).
Tissue homogenate was centrifuged at 4000 rpm to obtain the
supernatant, which was then treated with acetonitrile and acetone
and centrifuged to remove precipitates. The resulting mixture was
dried and a 1 mg/mL solution was prepared. LC-MS analysis was
performed after passing the sample through an SPE column. The
LC-MS analysis method can be found in the Supporting
Information.
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Animal experiments evaluating the effectiveness of nanosystems

Intervention effect on acute lung injury (ALI)

The groups and treatments of the rats (n = 8) are shown in Fig. 5.
After the rats were euthanized, the lung organ indices and W/D
ratios were recorded (left lung). The right lung of the rats was
divided into two parts, with a portion fixed with 4 % paraformalde-
hyde and the other portion prepared as a single-cell suspension.
Fixed lung tissue was subsequently tested for HE, Masson, IHC-P
(NRF2), TUNEL, and ROS in the lung single-cell suspension. Part
of the lung tissue was homogenized, the supernatant was col-
lected, and the changes in cytokine content in the different inter-
vention groups were measured using a reagent kit (for TNF-a, IL-
1B, IL-6, IL-10, iNOS, COX-2, CAT, SOD, GSH and MDA).

Intervention effect on chronic lung injury (CLI)

The grouping and administration of the various treatments to
the rats are shown in Fig. S17 (n = 8). The test indicators are basi-
cally consistent with those in section 2.14.1.

Intervention effect on LPS-induced colitis

The grouping and treatment of the rats are shown in Fig. S18
(n = 8). The rat colon and rectum were separated and pho-
tographed, with a portion fixed with 4 % paraformaldehyde and
the other portion prepared as a single-cell suspension. The fixed
colon was subsequently subjected to HE, Masson, IHC-P (Nrf2),
TUNEL, and ROS staining. Part of the lung tissue was homogenized,
the supernatant was collected, and the changes in cytokine content
in the different intervention groups were measured using a reagent
kit (for TNF-a, IL-1B, IL-6, IL-10, iNOS, COX-2, CAT, SOD, GSH and
MDA).

Intervention effects on the gut microbiota

Three to five fecal samples were collected and stored at —80 °C
before DNA extraction. The V3-V4 region of the bacterial 16S rRNA
gene was amplified by PCR, purified, and quantified. The amplicons
were mixed with barcodes, and the library was constructed for
sequencing on the Illumina NovaSeq 6000 platform. Microbial
diversity was analyzed. Fecal samples were mixed with water, cen-
trifuged, and then added to a crotonate metaphosphate solution.
After overnight incubation at —20 °C, the sample was centrifuged
again before measurement using gas chromatography with a flame
ionization detector.

Statistical analysis

The data are expressed as the means * standard deviations (SD)
and were subjected to one-way analysis of variance (ANOVA). All
the statistical comparisons were performed via one-way ANOVA
followed by Tukey’s test using Origin 8.0 software. Differences
were considered to be statistically significant when the p value
was < 0.05.

Results
Characterization of CLS nanosystems

The prepared CLS and CL nanoparticles were characterized by
TEM (Fig. 1). The particle size of CLS is approximately 30-40 nm,
and the particle size of CL is approximately 40 nm. As can be seen
from the AFM image (Fig. 1), CLS is a relatively uniform sphere with
an average height of approximately 20-25 nm, and CL particles are
also spherical with an average height of 30-50 nm. The TEM and
AFM data are basically consistent. The nanosystem was dispersed
into an aqueous solution, and the particle size of CLS was 88 nm
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(PDI = 0.122), while the particle size of CL was 98 nm
(PDI = 0.133), indicating that the prepared CL and CLS had a uni-
form particle size distribution and good dispersion. The zeta poten-
tial of CLS and CL nanoparticles in different pH buffer solutions
showed that the isoelectric point of CLS was approximately pH 4,
close to the isoelectric point of SCN, while the isoelectric point of
CL nanoparticles without SCN encapsulation was approximately
pH 5.5. The above experimental results indicate that the surface
of CLS nanoparticles is coated with SCN.

Particle size simulation of CLS nanosystems

Through calculations, it was found that the maximum diameter
of the X/Y/Z space for phosphatidylcholine was ~10 A/~24 A/~17
A, the maximum diameter of the X/Y/Z space for C3G was ~13
A/~11 Aj~8 A, the maximum diameter of the X/Y/Z space for casein
was ~63 A/~50 A/~52 A, and the maximum diameter of the X/Y/Z
space for succinic acid was ~8 A/~8 A/~2 A (Fig. 1H-]). The maxi-
mum spatial diameter of CLS was calculated as 24 A+13 A+63
A+8 A = 108 A = 10.8 nm. Since the dry particle size of CLS was
measured to be approximately 40 nm, the particle sizes of approx-
imately four groups were the same after mixing and expanded to
eight groups after hydration, and the possible self-assembly pro-
cess and self-assembly molecular composition of CLS were inferred
as shown in Fig. 1K.

Molecular dynamics analysis of self-assembly in nanosystems

The root mean square deviation (RMSD) of molecular dynamics
(MD) simulation can reflect the motion process of the complex,
with violent fluctuations indicating intense motion and vice versa
indicating stable motion [30]. As shown in Fig. 2A-2C, in the SCN-
Phosphatidylcholine-C3G complex, C3G exhibited the most stable
fluctuations during the MD process, followed by the SCN-C3G com-
plex. In the Phosphatidylcholine-C3G complex, both small mole-
cules are unstable, indicating that the complex is unstable. The
SCN-Phosphatidylcholine-C3G complex exhibited the most stable
overall fluctuations in both small and protein macromolecules,
indicating that CLS is the most stable.

In the SCN-C3G binary complex, C3G binds to the ATP pocket of
the protein, which is flattened (Fig. 2A-2C) and can form hydrogen
bonds with amino acids. However, due to the large opening of the
pockets toward the solvent area, C3G may have a risk of being
released from the pockets at any time. In the SCN-
Phosphatidylcholine-C3G ternary complex, C3G is also bound to
the ATP pocket. However, unlike the SCN-C3G binary complex,
Phosphatidylcholine blocks the ATP pocket, preventing C3G from
detaching from the pocket (Fig. 2D). In addition, C3G forms hydro-
gen bonds with more amino acids, such as VAL-116, ASP-175, ASN-
161, and HIE-160, making their binding tighter. According to the
energy values of the combined system (Table S2), the ternary com-
posite system CLS has the lowest energy and is therefore the most
stable.

CLS system element analysis and loading simulation

XPS is an effective method for detecting the type, chemical
state, relative content and functional groups of elements on the
surface of material [31]. XPS analysis (Table S3) revealed that the
content of P element on CLS surface (0-8 nm) was 1.5 %. According
to the experimental materials, all P comes from phosphatidyl-
choline, the main component of phosphatidylcholine (purity is
70 %), and the P content of phosphatidylcholine is 1.92 %. It can
be concluded that the phosphatidylcholine distribution on the sur-
face of CLSs is 1.5 %/ (1.92 %x70 %) = 54.7 %. That is, more than 50 %
of the phospholipids in the CLS system were distributed within the
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0-8 nm surface layer. The particle size of the CLS system is approx-
imately 40 nm, which further proves that phospholipids are
actively distributed in the outermost layer of the nanosystem
and form a “molecular cap” protection phenomenon.

According to our molecular simulation (Fig. 2G), C3G is blocked
by phosphatidylcholine in the outer region of the SCN. The block-
ing effect is mainly the H-bond effect, which is a strong interaction
with 1.9 A of LES-122 and 1.6 A of HEE-160. Through this interac-
tion, a structure similar to a cap is formed, which plays the protec-
tive role of a “molecular cap”. According to the nanometer size
predicted by quantum chemistry and the molecular mass ratio of
the different molecules self-assembled, molecular dynamics were
used to simulate the relative real state of self-assembly of the sys-
tem. When the 500 ns system approached equilibrium, antho-
cyanins were distributed inside the protein, while phospholipids
were more abundant on the outside, which further verified the
possibility of the existence of a “molecular cap” (Fig. 2H). The elec-
trostatic interactions between the negative SCN and the positively
charged C3G, and the hydrophilic part of the phospholipid (polar
part) through the hydrogen bond with the protein firmly, together
to form a self-assembly system.

Characterization of the physicochemical parameters of the
nanomaterials

Fig. 3 showed that C3G has a maximum absorption peak at
514 nm, while phospholipids and succinylated casein do not have
absorption at this wavelength. This indicates that they do not
interfere with the determination of anthocyanin content in the
complex. CL (unmodified SCN) and CLS (modified SCN) have
absorption peaks at 536 nm, confirming the successful encapsula-
tion of anthocyanins. SCN exhibits endogenous fluorescence due to
amino acid residues like tryptophan, tyrosine, and phenylalanine.
Casein has a maximum fluorescence emission wavelength of
around 345 nm, while C3G does not exhibit fluorescence. CLS
nanoparticles show a small fluorescence emission peak at
330 nm, suggesting fluorescence quenching between casein and
C3G (Fig. 3C). In terms of absorption peaks (Figure D), SCN has a
peak at 202 nm, CL nanoparticles do not show a peak, and CLS
nanoparticles have an absorption peak at approximately 202 nm.
This indicates the successful preparation of CLS nanoparticles.

The encapsulation efficiency of CLS is between 9 % and 10 %,
while the loading efficiency is approximately 60 % (Fig. 3E/3F).
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These values are significantly higher than those of CL due to the
negatively charged nature of the SCN polymer in CLS, which inter-
acts with C3G to increase efficiency. The saturation solubility of
C3G in n-octanol was 1.24 pg/mL, but with CLS nanoparticles it
increased to 225 pg/mL, an increase of 182 times. Similarly, the
saturation solubility of CL nanoparticles in n-octanol was
308 pg/mL, which was 248 times higher than that of free C3G
(Fig. 3H). Both CL and CLS can greatly improve the solubility of
C3G in n-octanol. The amphiphilicity of the CLS nanosystem was
significantly changed compared to the C3G monomer, with
increased lipid solubility achieved through the addition of
phospholipids.

In vitro simulated digestion characteristics of CLS nanosystems

As shown in Fig. 3I-N, C3G showed good stability in simulated
gastric juices, with a slight decrease in C3G, CL, and CLS contents

after 2 h of incubation. C3G was reduced by approximately 35 %
in simulated intestinal fluid, while CL and CLS significantly
improved the stability of C3G. CLS exhibited a more pronounced
sustained release effect, with less than 40 % C3G released at 6 h
in simulated gastric juice. In simulated intestinal fluid, CLS showed
cumulative release exceeding 80 % at 24 h, indicating relatively
complete release of C3G.

Color changes in CLS nanosystems

Fig. 30 shows that as the amount of NaOH added gradually
increases, the pH of the solution significantly increases, while the
pH of the solution containing SCN does not change significantly.
With increasing SCN concentration, the buffering ability of the
solution became stronger, indicating that SCN has a certain buffer-
ing effect on the addition of NaOH.
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As shown in Fig. 3P, the CLS and CL groups had a certain buffer-
ing effect on the amount of added NaOH, and the color change in
the solution was not significant compared to that in the C3G group,
while the CLS group had the smallest change. Further curve analy-
sis of the RGB values of the colors showed that CLS had a smoother
slope and better resistance to color changes (Fig. 3Q).

Cell uptake of the CLS nanosystem

The experimental results demonstrated (Fig. 4A) that there was
no CLS green fluorescence in the control group, but weak green flu-
orescence was observed in Caco-2 cells incubated with CLS for
0.5 h. The green fluorescence inside the cells increased with longer
incubation times, indicating a time-dependent uptake of CLS by
Caco-2 cells. Flow cytometry analysis showed (Fig. 4B/C) that cel-
lular intake of anthocyanins significantly increased as the incuba-
tion time increased from 0.5 h to 4 h, particularly at 2 and 4 h.
Molecular simulation methods were used to assess the absorption
ability of CLS in cells. The results indicated that the interaction
energy between CLS and the phospholipid bilayer decreased grad-
ually, while C3G maintained a consistent energy level. This sug-
gests that CLS has better membrane permeability than C3G,
supporting the superior cellular absorption ability of CLS
(Fig. 4D). Cytotoxicity assays (Fig. S9-S11) demonstrated that CLS
exhibited no adverse effects on Caco-2 or HepG2 cells, even at high
concentrations (50 pg/mL). CLS also enhanced cell viability under
oxidative stress, confirming its biocompatibility.

In vivo absorption of the CLS nanosystem in mice

After 2 h of oral administration, CLS was distributed throughout
the entire intestinal segment, with a higher proportion in the
upper part of the intestine. By 4 h, CLS was evenly distributed
throughout the entire intestinal segment, reaching its maximum
relative fluorescence intensity. From 8 h onwards, the fluorescence
intensity in the intestine began to decrease, with weak signals still
detectable at 24 h (Fig. 4E). These experiments demonstrate that
CLS has strong retention in the intestine, with a retention time
exceeding 12 h, facilitating uptake by small intestine tissue.
Cy5.5-labeled CLS showed strong fluorescence signals in the duo-
denum, jejunum, and ileum, with the highest absorption in the
ileum. The time for maximum intestinal fluorescence intensity
was consistent with in vivo imaging data (Fig. 4F).

Targeted enrichment of CLSs in the lung

As shown in Fig. 4G, after oral administration of Cy5.5-labeled
CLS, it is significantly distributed in the lungs and weakly dis-
tributed in the liver (the main metabolic organ of anthocyanins).
The main distribution time in the liver was between 2 and 8 h,
while it was distributed in the lungs between 2 and 24 h, especially
in the 2-12 h range. It can be preliminarily inferred that the
nanosystem has a good lung distribution effect and exhibits a
lung-targeting effect.

Further LC-MS was used to detect the distribution of CLS in vivo
tissues. The concentration distribution of C3G in the lungs was
consistent with the trend observed via fluorescence imaging
(Fig. S15 and Fig. 4H), in which C3G was significantly enriched after
2-8 h (P < 0.01), while the concentration of the C3G monomer was
almost zero. This phenomenon suggested that the carrier delivered
C3G to the lungs and produced a significant targeted enrichment
effect. Comparing and analyzing other major organs (Fig. S15),
although the C3G concentration in the CLS system slightly
increased, there was no sudden increase, as in the lung tissue.
Compared to that of C3G, the lung Cy,,.x of CLS was 4.7 times higher,
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the AUC(o.r) was 25.7 times higher, and the T/, was extended from
0.321 hto 1.174 h.

Sustained release effect of CLS on the intestinal tract

After inducing colitis with LPS (Fig. S18C), the rats’ intestinal
length was significantly shortened by about 20-25 % compared
to the control group (P < 0.05). Treatment with C3G and CLS
showed improvement, with the CLS group having the best effect,
reducing the shortening to approximately 5 % (P < 0.01 vs model
group). SCNCL treatment did not have a significant effect on
intestinal length (P > 0.05 vs model group). HE and Mason morpho-
logical analysis revealed that the enteritis model group exhibited
typical features of intestinal damage, inflammatory infiltration,
and tissue fragmentation (Fig. S18D). Treatment with C3G showed
a trend toward recovery, while CLS had the mildest inflammatory
characteristics. Nrf2 expression in the colitis model group was sig-
nificantly increased (P < 0.001 vs control group), but decreased
after treatment, with CLS showing the most significant downregu-
lation (P < 0.01 vs model group) (Fig. S18).

As shown in Fig. S18D and G, compared to the blank group, the
enteritis group showed a significant increase in apoptosis rate
(P < 0.001), with a rise from 3 % to 23 %. After treatment, C3G
(14.4 %, P < 0.01 vs model group), SCN + CL (14.7 %, P < 0.01 vs
model group), and CLS (7.1 %, P < 0.001 vs model group) all led
to a decrease in apoptosis, with CLS showing the most significant
effect.

ROS analysis (Fig. S18E/5H) revealed that ROS levels were sig-
nificantly higher in the enteritis group compared to the blank
group (P < 0.001 vs model group). Treatment with C3G (P < 0.01
vs model group) and CLS (P < 0.001 vs model group) resulted in a
decrease in ROS levels, with CLS showing the most significant
effect.

CLS had better regulatory effects on inflammatory factors TNF-
o, IL-1B, IL-6, IL-10, iNOS, and COX-2 compared to C3G and SCNCL
(Fig. S18I/R). CLS also showed better regulation of oxidative stress-
related enzymes CAT, SOD, GSH, and MDA overall, indicating its
superior ability to resist oxidative damage compared to C3G and
SCNCL (Fig. S18).

Effect of sustained release of CLSs on the gut microbiota

Pielou, Shannon, and Simpson diversity analyses in Fig. S19
showed significant changes in microbial diversity in colitis model
rats. The CLS group had a more diverse microbial community com-
pared to the control group, while the C3G group was similar to the
control group. The SCNCL group had particularly significant differ-
ences. C3G was found to improve intestinal diversity in inflamma-
tory models, with enhanced effects after nanodelivery. The Venn
plot in Fig. S19D/F displayed 1186 common OTUs among the five
groups, with the control group having the most unique OTU spe-
cies. PCA indicated a significant difference in gut microbiota
between the model group and other groups. The CLS and SCNCL
groups showed similar results to the model group, suggesting that
CLS can improve intestinal microbiota and return it to normal
levels effectively.

The abundance of Firmicutes in the gut microbiota of the MOD
group significantly increased, while the relative abundance of Bac-
teroidetes decreased (Fig. S19G/I). The proportion of Firmicutes/
Bacteroidetes in the MOD group significantly increased compared
to the blank group. CLS reduced the relative abundance of Firmi-
cutes and increased the relative abundance of Bacteroidetes,
reversing the increase in the Firmicutes/Bacteroidetes ratio.
Changes in the abundances of Firmicutes, Bacteroidetes, Acti-
nobacteria, and other phyla in each group were not dose depen-
dent, indicating a complex system in the gut microbiota. The
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Fig. 5. Interventional effect of CLS on acute lung injury (ALI). Animal experiment plan (A) and dosage (B); Cross sectional morphology of colon (Lungs, HE, Masson and Tunel)
(C); Change in ROS expression level (D); Changes in physiological indicators (Lung index, W/D, Nrf2, apoptosis rate, ROS, TNF-a, IL-1, IL-6, IL-10, iNOS, COX-2, CAT, SOD, GSH
and MDA) (E-S). *P < 0.05, **P < 0.01, ***P < 0.001 vs Model group.
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results of the genus-level composition and abundance analyses
(Fig. S19H) showed that Prevotella_9 and Prevotella_1 were two
relatively abundant bacterial genera in the five groups. Prevo-
tella_1 was enriched in SCNSL, while Prevotella_9 was highly
abundant in the other four groups. Fecal short-chain fatty acid
(SCFA) content in the mice changed significantly in the different
intervention groups, with total fatty acid content and acetic acid,
propionic acid, and butyric acid content decreasing after inflamma-
tion induction and increasing significantly after interventions,
especially in the CLS group (Fig. S19]-M).

The alleviating effect of CLS on lung injury

After inducing acute lung injury (ALI) in mice, significant lung
damage such as necrotic tissue and plaque-like tissue was
observed, indicating successful modeling (Fig. 5C). Following inter-
vention with C3G, SCNCL, or CLS, there was a significant improve-
ment in lung morphology with a decrease in the number of
necrotic plaques, particularly in the CLS group. Analysis of lung
organ indices and lung wet/dry ratios (Fig. 5E/F) showed that the
ALI group had a significant increase compared to the blank control
group. Only the CLS group exhibited a downward trend after inter-
vention, suggesting that CLS had a mitigating effect on ALIL. Mor-
phological analysis revealed (Fig. 5C-HE/Mason) inflammatory
features in the ALI group, including alveolar wall thickening, red
blood cells, inflammatory cell infiltration, and alveolar fragmenta-
tion. The SCNCL group showed no significant change, the C3G
group showed some recovery, and the CLS group had the mildest
inflammatory characteristics.

Significant apoptosis was observed in the ALI group compared
to the blank group (P < 0.001) (Fig. 5C-TUNEL/H). After treatment,
the apoptosis of C3G, SCNCL, and CLS all decreased significantly
(P <0.01), indicating that these three agents had protective effects
on the lungs. The expression of Nrf2 (Fig. 5C-Nrf2/5G) in the lung
tissue of the ALI group was significantly increased compared to
the control group (P < 0.01). After treatment, the expression of
Nrf2 further increased, with CLS showing the most significant
upregulation (P < 0.001). ROS analysis showed (Fig. 5D/5I) that
the ALI group had a significant increase in ROS compared to the
blank group (P < 0.01), while different intervention groups were
downregulated (P < 0.01) after treatment. The CLS group exhibited
greater regulation of inflammatory cytokines (Fig. 5]-P) and oxida-
tive stress-related enzymes (Fig. 5Q-S) compared to the C3G and
SCNCL groups, indicating that CLS has a better ability to prevent
oxidative damage in ALL

After inducing chronic lung injury in rats, the lungs showed vis-
ible damage such as necrotic tissue and plaques, confirming suc-
cessful modeling (Fig. S17C). Treatment with C3G, SCNCL, and
CLS significantly improved lung morphology and reduced necrotic
plaques, with the CLS group showing the most improvement.
Organ indices and lung wet-dry ratio were significantly higher in
the CLI group compared to the control group, but only the CLS
group showed a decrease after intervention, indicating that CLS
had a beneficial effect on chronic lung injury (Fig. S17E/S17F).

Morphological analysis showed (Fig. S17C-HE/Mason) that the
CLI group had signs of pneumonia. After treatment, there was no
significant change in the SCNCL group; the C3G group showed a
recovery trend, and CLS had the lightest inflammatory characteris-
tics. Immunohistochemical analysis of Nrf2 revealed (Fig. S17C-
Nrf2/S17G) that the expression of Nrf2 was significantly increased
in the CLI group, with CLS showing the most significant regulatory
effect. Apoptosis was significantly observed in the CLI group
(Fig. S17C-TUNEL/S17H), but decreased after intervention in all
groups, with CLS showing the most protective effect on stem cells.
ROS analysis showed that ROS levels (Fig. S17C-ROS/S171) were
significantly increased in the CLI group, but decreased in the C3G
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and CLS groups after intervention. CLS was more effective than
C3G or SCNCL in preventing oxidative stress and apoptosis in CLI
induced by LPS. CLS also had better regulatory effects on inflamma-
tory cytokines (Fig. S17]-P) and oxidative stress-related enzymes
(Fig. S17Q-T) compared to C3G and SCNCL.

The regulatory effect of CLS on the lung-gut axis

The levels of HGF, IL-17, IL-22, IL-1B, IL-6 and IL-10 in the lung
and HGF, VIP, IL-17, IL-22, SCFA, IL-1B, IL-6 and IL-10 in the intes-
tine of chronic lung injury model rats were tested (Fig. S16). The
results showed that the lung and gut can establish obvious lung-
gut interactions through immune factors and gut microbiome
secreted factors.

Discussion

Anthocyanins have been known for over a century [32] for their
pigment properties [33] and have been studied for their effects on
plants [34], as well as their nutritional and health benefits [5-11].
However, anthocyanins have two major drawbacks: structural
instability and low bioavailability [1,26,35]. The flavylium cation
in the anthocyanin structure is prone to reactions that can lead
to instability, while its high polarity makes it difficult for the body
to absorb. Researchers have focused on protecting the C-ring of
anthocyanins to improve their stability and absorption through
various methods such as self-assembly of multi-anthocyanin mole-
cules, metal chelation, small-molecule conjugation (sandwich),
and macromolecular wrapping (hand-glove) [34].

This research also follows the basic principles of the above
design. Based on our research team’s previous application of the
“hand-glove” principle to embed anthocyanins in casein, we fur-
ther designed a “molecular cap” anthocyanin nano-protection sys-
tem. The main advancement of this system is that (I) the protein is
acylated to form a pocket center negative pocket cavity, which can
form local electrostatic interactions with positively charged antho-
cyanin molecules (ionic bond, bond energy of 20-40 kJ/mol) [36].
The protective effect of this approach is more obvious than that
of conventional protein encapsulation, which mainly relies on
van der Waals forces (bond energy of 0.3-1.9 kJ/mol) and
hydrophobic interactions (bond energy of 3-4 kj/mol) [37]. How-
ever, to allow more anthocyanins to be absorbed in the small intes-
tine after multiple digestive tract ingestions, (II) we coated
phospholipids on the outside through hydrogen bonding and pur-
posefully designed an anthocyanin-specific protection system with
succinylated casein as the embedded skeleton and phospholipids
as the outer “molecular cap”. (Ill) Importantly, the whole design
of the nanosystem in this study was completed under the guidance
of computational chemistry, from the selection of raw materials to
the design of the “molecular cap” system and subsequent measure-
ment of nanoparticle size.

This study successfully used multidimensional computational
chemistry simulation, including quantum computational chem-
istry, molecular docking, and molecular dynamics, to design antho-
cyanin nanosystems for food applications. This approach provides
a valuable reference for designing other active food small molecule
systems in the future. While molecular simulation has been used in
the past for designing food active molecules, such as using molec-
ular docking to study interactions between small and large mole-
cules [23], and molecular dynamics to simulate self-assembly
processes [22], there have been few successful cases of applying
multidimensional molecular simulation to experimental design in
the food industry. In the past, simulations were mainly used for
verification purposes, with results compared to experiments to
provide explanations [23,24]. However, deep multidimensional
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simulation often failed to fully match experimental results, leading
to interpretation challenges. As a result, food system design has
traditionally relied more on empirical and semiempirical rules
[20,21]. With advancements in models and algorithms, there is
potential for molecular simulation to be more widely used in food
system design, similar to how computer-aided drug design has
been successful [38]. The high level of agreement between multidi-
mensional simulation and food chemistry experiments in this
study suggests that computer-aided food design could be a promis-
ing research direction in the future.

The CLS hydrated particle size was determined to be 88 nm
with a PDI of 0.122, while achieving an encapsulation efficiency
of 62.1 % and a loading efficiency of 10.2 %. Notably, it exhibits
good biocompatibility and color stability. The choice of CLS carrier
materials takes into account food sources and delivers exceptional
nanoperformance. The process optimization findings from this
study highlight a one-step self-assembly method that offers valu-
able applications.

The CLS system with “molecular cap” protection was shown to
improve the bioavailability of anthocyanins with a significant sus-
tained release effect in a study using four dimensions of in vitro
simulated digestion, cellular uptake, animal uptake, and computa-
tional simulation. The CLS system demonstrated a long-term sus-
tained release effect of 24 h. Pharmacokinetic analysis revealed
that, compared to that of C3G, the C,,. in the blood of CLS was
2.5 times that of C3G, and the AUC.) was 13.1 times that of
C3G. Ty)2 was extended from 0.426 h to 2.052 h. The improvement
in pharmacokinetic parameters was revolutionary. According to
our literature review, the corn alcohol-soluble protein-
anthocyanin complex increased the blood AUC to 4.8 times that
of free anthocyanins, and the o —lactalbumin nanotube system
increased the blood AUC to 7.3 times that of free drugs, there have
been no reports of an increase of more than 10 times in the AUC(q_
of anthocyanins [14,39-41]. This study has used the dual optimiza-
tion of anthocyanin stability and absorption efficiency by molecu-
lar cap design, as well as the breakthrough of the intestinal barrier
by charge regulation, which has greatly increased the AUC.) of
anthocyanins by approximately 13 times, solving the long-
standing problem of the low oral bioavailability of anthocyanins,
which is a great milestone.

Oral targeting is a noninvasive drug delivery strategy for
achieving systematic or remote targeting through oral routes and
has the advantages of convenient administration and high compli-
ance [42,43]. To achieve oral targeting, breakthroughs are needed:
(I) a highly acidic stomach environment, (II) an intestinal barrier
and microbial degradation, and (III) enrichment of target organs
[44,45]. These three major biological barriers greatly reduce the
possibility of oral targeting and necessitate strict requirements
for the design of oral drug delivery systems. At present, the design
of targeted delivery molecules is based mainly on intravascular
administration because this mode of administration can eliminate
the above drawbacks and provide better bioavailability and target-
ing [46,47]. However, when anthocyanins are used as food raw
materials, the application scenario cannot be designed for intravas-
cular administration modes such as drugs; additionally, the more
likely direction is to be developed as precision nutritional food,
and oral absorption is easy to accept by the public. At present,
studies on the oral targeting of anthocyanins have gradually
become popular [48-50]. However, due to the many biological bar-
rier effects of oral administration, the targeting of anthocyanins is
mainly reflected in the intestine, especially in colitis [51,52], and
there are no clear oral targeting studies on organs. Molecular pro-
totypes of anthocyanins have been shown to have clear effects on
lung health, such as inhibiting the proliferation of lung cancer [53],
improving PM10-induced lung damage [54], resisting radiation
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lung damage [55], and treating pulmonary hypertension and fun-
gal pneumonia [56]. The CLS designed in this study realized the
oral pulmonary targeting effect of anthocyanins for the first time,
and the lung bioavailability increased by more than 20 times,
which could further enhance the lung treatment and health care
efficacy of anthocyanins. At present, targeted molecular delivery
design mainly focuses on targeting disease sites because of the fol-
lowing clear targeting design principle: factors triggering corre-
sponding [19], specific recognition, etc. These targeting designs
are more suitable for drug design. Nondisease targeting is often
more difficult because it does not provide clear lesion identifica-
tion information, but nondisease targeting is more suitable for
the health care design principle of food, targeted health protection
in the early stage of disease, a healthier diet, and accurate nutri-
tional information. However, the CLS nanoparticles we designed
exhibit significant targeting effects in non-disease states. The
lung-targeting capability of the CLS nanosystem in non-disease
states likely arises from a synergistic interplay of its structural
and physicochemical properties. First, the nanoscale size
(~88 nm) and uniform spherical morphology enable passive tar-
geting by evading rapid clearance mechanisms, prolonging sys-
temic circulation, and facilitating accumulation in lung tissues
[18]. Second, the negatively charged surface, conferred by succiny-
lated casein, reduces nonspecific interactions with gastrointestinal
mucus while potentially promoting electrostatic affinity for lung
endothelial cells or surfactant-associated receptors. Third, the suc-
cinyl groups introduced through casein modification not only
enhance hydrophilicity and anthocyanin encapsulation but may
mimic endogenous ligands, enabling selective binding to lung-
specific biomolecules. Finally, the phospholipid “molecular cap”
stabilizes the nanosystem through hydrogen bonding and
hydrophobic interactions, while its resemblance to pulmonary sur-
factant components could drive preferential localization in lung
tissues [57]. Together, these features: nanoscale design, surface
charge modulation, molecular mimicry, and lipid-mediated stealth
properties, collectively underpin the observed lung-targeting effi-
cacy of CLS.

The CLS nanosystem designed in this study not only has a lung-
targeting effect but also has a lung-targeting effect [58] under non-
disease conditions. This is the first report on the design of an
organ-targeting nanosystem for oral anthocyanins in a non-
disease state, which is important for the absorption and nutrient
delivery of anthocyanins in vivo. Unfortunately, the mechanism
of lung targeting in non-disease states is challenging to verify,
unlike disease targeting. Future work we should prioritize interdis-
ciplinary approaches combining computational modeling, in vivo
imaging, and molecular biology to unlock the full potential of this
innovative platform.

Conclusion

In this study, based on the guidance of multidimensional com-
putational chemistry, a phospholipid-succinylated casein-
anthocyanin nanosystem CLS with “molecular cap” protection
was constructed by a one-step self-assembly method. The
nanosystem CLS has good nanoscale properties and good stability
and biocompatibility potential. This CLS is the first to achieve oral
targeting of anthocyanins-lung targeting, with lung bioavailability
increased by over 25 times and blood bioavailability increased by
over 13 times. It also demonstrated a significant in vivo
sustained-release effect of more than 24 h, showing a therapeutic
impact on lung and intestinal diseases through the “lung-gut” axis.
This study provides a new perspective and a feasible scheme for
the nutritional application of anthocyanins.
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