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A B S T R A C T

This study investigates the effects of atmospheric pressure plasma jet-activated gas (APPJ) treatment on pectin 
and its nanoparticles (APPJ-pectin NPs), and explores their applications in oral insulin delivery systems. The 
results showed that as APPJ treatment progressed, the molecular weight of pectin significantly decreased, while 
the degree of esterification increased and its hydrophilic/hydrophobic properties altered. The insulin encapsu
lation efficiency of APPJ-pectin NPs exhibited minimal variation during the initial stage of treatment. In vitro 
release studies showed that APPJ-pectin NPs protected insulin in simulated gastric fluid and gradually released it 
at neutral pH, with the release rate initially decreasing and then increasing with extended APPJ treatment. The 
hemolysis rates of all samples ranged from 2% to 5%, suggesting that APPJ-pectin NPs exhibited favorable 
hemocompatibility. APPJ-pectin NPs primarily underwent transepithelial transport via the transcellular 
pathway, being internalized by endocytosis and subsequently transported intracellularly into the bloodstream. 
The transepithelial transport efficiency of APPJ-pectin NPs was evaluated using the Transwell system. APPJ 
treatment significantly increased the transport efficiency, with A60-NPs showing a 57.14% increase compared to 
the control. Confocal laser scanning microscope observations and flow cytometry experiments further confirmed 
this result, demonstrating that the uptake of APPJ-pectin NPs by Caco-2 cells was time-dependent, with A60-NPs 
exhibiting the highest uptake efficiency.

1. Introduction

Diabetes mellitus is a chronic metabolic disease with a high global 
prevalence, characterized by persistent hyperglycemia. Prolonged dys
glycemia leads to a wide range of complications, thereby posing a sig
nificant threat to patient health. According to estimates for 2025 from 
the International Diabetes Federation (IDF), the global number of clin
ically diagnosed type 1 diabetes (T1D) cases has reached 9.5 million, 
representing a 13% increase relative to 2021. Notably, low-income 
countries recorded growth rates of up to 20% (Ogle et al., 2025). 
These data underscore the escalating global burden of T1D and highlight 
the substantial public health challenges arising from inequitable medical 
resource distribution. As the therapeutic cornerstone for T1D and for a 
subset of T2D, exogenous insulin is indispensable for achieving optimal 
glycemic control and for mitigating diabetes-related complications 
when administered appropriately. However, in current clinical practice, 
insulin therapy remains largely reliant on subcutaneous injection, a 

route that often compromises patient adherence and is associated with 
local discomfort, inflammation, and an elevated risk of infection (Wang, 
Sun, & Mu, 2024; Zheng et al., 2025). Consequently, the development of 
non-injectable insulin delivery systems, particularly oral formulations 
that offer greater patient acceptability, has become a major focus and 
persistent challenge in contemporary diabetes research. However, as a 
protein therapeutic, insulin is highly vulnerable to degradation by 
gastric acid and enzymatic hydrolysis in the gastrointestinal tract (Low 
et al., 2025). In addition, its large molecular size and strong hydrophi
licity significantly hinder its ability to traverse the intestinal epithelium 
and mucus barrier, leading to poor systemic absorption and extremely 
low oral bioavailability (Wang et al., 2024). Collectively, these physio
logical barriers severely constrain the feasibility of oral insulin delivery 
in clinical practice.

Substantial progress has been made in the development of oral in
sulin delivery systems, with common carriers including polymeric 
nanoparticles, liposomes, metal-organic frameworks (MOFs), and silica 
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nanoparticles (Zou et al., 2025). These delivery systems can partially 
protect insulin from gastric acid and enzymatic degradation while 
concurrently enhancing its transport across the intestinal epithelial 
barrier. For example, the oral insulin formulation ORMD-0801 devel
oped by Oramed utilizes enzyme inhibitors and permeation enhancers to 
facilitate absorption. Although it advanced to Phase III clinical trials, it 
ultimately failed to show superiority over placebo in lowering blood 
glucose levels, raising concerns about its inconsistent efficacy (Zhang, 
Zhu, Song, Shi, & Cao, 2024). In addition, 50 nm negatively charged 
silica nanoparticles are capable of temporarily opening epithelial tight 
junctions to enhance insulin absorption. Nonetheless, their non- 
biodegradable nature raises concerns that require comprehensive long- 
term safety evaluation (Lamson, Berger, Fein, & Whitehead, 2020). 
Consequently, most existing delivery systems remain limited by inade
quate physicochemical stability, poorly controlled release kinetics, and a 
paucity of long-term safety data. Against this backdrop, nanoparticle 
delivery systems fabricated from natural polymers are drawing growing 
interest owing to their superior biocompatibility, structural tunability, 
and strong intestinal mucoadhesiveness.

Pectin, a naturally derived polysaccharide, has attracted widespread 
attention as an ideal material for oral delivery systems because of its 
favorable physicochemical properties, including biodegradability, 
biocompatibility, and pH-responsive behavior (Pei et al., 2024). In 
recent years, pectin-based nanoparticles have made noteworthy strides 
in drug delivery research. By forming nanoscale carrier architectures, 
they help preserve drug activity and improve bioavailability. Gu, Li, 
Jiang, Chang, and Wu (2024) prepared whey protein/zein composite 
nanoparticles coated with pectin by first adjusting the pH and then 
applying heat to induce electrostatic adsorption. The resulting nano
particles exhibited outstanding structural stability, high tolerance to 
simulated gastrointestinal conditions, and excellent dispersibility in 
aqueous media. These nanoparticles demonstrate excellent controlled 
release performance for curcumin, help preserve its antioxidant activity, 
and retain good redispersibility after drying, highlighting their potential 
as oral delivery carriers. However, despite its many intrinsic advantages, 
unmodified pectin still faces practical limitations, including relatively 
low drug loading capacity and inadequate structural stability under 
complex physiological conditions that often lead to premature drug 
release and reduced delivery efficiency.

Atmospheric pressure plasma jet-activated gas (APPJ) technology 
generates cold plasma under ambient conditions. When an electric field 
is applied, gas molecules or atoms are excited and ionized, yielding 
highly reactive oxygen and nitrogen species (RONS) (Seelarat et al., 
2024). RONS are classified into long-lived reactive species (such as 
H2O2, O3, and NO3

− ) and short-lived radical species (such as •OH, NO•, 
and O₂− ) based on their lifetimes (Lv, Shang, Lu, Yang, & Guo, 2025; 
Shang, Morent, De Geyter, Wang, & Yang, 2025). These RONS play a 
crucial role in the plasma-induced polysaccharide modification process. 
They interact with the polysaccharide molecular chains through oxida
tion reactions, thereby modifying the physicochemical properties of the 
polysaccharides, such as molecular weight, molecular structure, bioac
tivity, viscosity, and hydrophilicity/hydrophobicity (Fang, Yang, Liu, 
Shao, & Zhang, 2013). Matra et al. (2023) used the Electrical Breakdown 
in Liquid (EBL) process to treat inulin and found that plasma treatment 
significantly degraded the polysaccharide structure of inulin. After 
treatment, the inulin, originally in a micro spherical shape, was trans
formed into fragmented particles. The DPPH radical scavenging assay 
demonstrated that the plasma-treated inulin exhibited a 311% increase 
in antioxidant activity compared to the untreated inulin. RONS can also 
introduce functional groups, such as carboxyl and hydroxyl groups 
(Booth, Mozetic, Nikiforov, & Oehr, 2022), onto the polysaccharide 
molecules, thereby imparting new characteristics and application po
tential to the polysaccharides. Overall, plasma treatment significantly 
enhances the application potential of polysaccharides in fields such as 
biomedicine, the food industry, and environmental management. For 
example, Surucu, Masur, Sasmazel, Von Woedtke, and Weltmann (2016)

used APPJ, driven by either argon or air, to modify the surface of elec
trospun PCL/chitosan/PCL hybrid scaffolds. The APPJ-treated scaffolds 
exhibited improved hydrophilicity, along with the incorporation of ox
ygen and nitrogen functional groups on the surface. These modifications 
enhanced the scaffold's biocompatibility and promoted the attachment 
and proliferation of fibroblasts (MRC-5 cells) on its surface. Moreover, 
RONS demonstrate potent antimicrobial and bactericidal activities, 
facilitating surface disinfection and promoting cellular repair in medical 
and biomedical applications. In contrast to traditional chemical or 
enzymatic modifications, APPJ offers a non-contact, non-thermal, and 
environmentally friendly approach for modification, enabling precise 
structural regulation of natural polysaccharides while preserving their 
biocompatibility.

Pectin's pH-responsive properties enable it to protect drugs from 
gastric degradation and release them in neutral pH regions, making it a 
promising candidate for oral insulin delivery. However, the ability of 
pectin-based oral delivery systems to facilitate transepithelial transport 
remains unclear. Previous studies have primarily focused on enhancing 
their stability through chemical modifications or crosslinking reac
tions—methods that are often associated with complex reaction condi
tions, chemical residues, and reduced biocompatibility, thereby limiting 
their further application in the biomedical field. In this context, we 
hypothesize that APPJ treatment could serve as a controllable and 
environmentally friendly modification strategy, inducing changes in the 
molecular weight, degree of esterification, and molecular structure of 
pectin without introducing chemical residues, thereby modulating its 
physicochemical properties such as hydrophilicity/hydrophobicity, 
surface charge, gelation ability, and adhesiveness. These changes are 
expected to enhance the encapsulation efficiency, stability under com
plex physiological conditions, drug release properties, and trans
epithelial transport efficiency of pectin-based nanoparticles. This study 
contributes to elucidating the mechanism by which APPJ regulates the 
structure of natural polysaccharides and provides new insights into the 
development of efficient and sustainable oral insulin delivery systems. 
To validate this hypothesis, the structure and physicochemical proper
ties of the APPJ-modified pectin (APPJ-pectin) were thoroughly 
analyzed through MW determination, FTIR, NMR, rheological analysis, 
and contact angle measurement. APPJ-pectin was used to develop an 
oral insulin nanoparticles delivery system. The system's potential for 
oral insulin delivery was evaluated, including particle size, Zeta poten
tial, insulin encapsulation efficiency, SEM morphology, in vitro insulin 
release behavior, biocompatibility assessment, transepithelial transport 
studies, and Caco-2 cell uptake experiments.

2. Materials and methods

2.1. Materials

Natural pectin (purity ≥99%, weight average molecular weight =
483 kDa, degree of esterification = 57.44%, monosaccharide composi
tion: Fuc, 2.43%; Rha, 8.05%; Ara, 3.34%; Gal, 25.94%; Glc, 3.79%; Xyl, 
1.16%; GalA, 55.29%) was purchased from Sigma-Aldrich Co., Ltd. (St. 
Louis, USA). Recombinant human insulin (purity ≥99%) and deuterium 
oxide (D₂O, purity ≥99%) were purchased from MERYER Co., Ltd. 
(Shanghai, China). Fresh whole blood of Sprague–Dawley rats (SD rats) 
was obtained from SiPeiFu Biotechnology Co., Ltd. (Beijing, China). 
Human insulin ELISA kit (B75453-96 T) was obtained from MERYER 
Co., Ltd. (Shanghai, China).

2.2. APPJ treatment of pectin

A natural pectin solution (4 mg/mL) was treated using an APPJ de
vice (XJ-DW-5, Xianjing Plasma Technology Institute Co., Ltd., China). 
The APPJ nozzle was connected to the reaction vessel via an inert hose, 
with the end of the hose inserted into the pectin solution (Fig. 1a). The 
plasma was then ignited, and the gas flow stabilized to allow the jet 
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products to continuously pass into the solution (Sangwanna et al., 
2023). The flow rate of the plasma-activated gas introduced into the 
pectin solution was controlled to maintain a continuous boiling state. 
After every 10 min treatment, the solution was shaken to ensure uniform 
mixing, thereby ensuring that the pectin solution was evenly exposed to 
the APPJ treatment. Samples were collected at 0, 30, 60, 90, and 120 
min, with 0 min as the control. The reaction vessel was placed in an ice 
bath to control the temperature during the treatment. The operating 
conditions were as follows: gas type, air; gas flow rate, 10 L/min; power, 
150 W; voltage, 380 V. According to the APPJ treatment time, the 
samples were designated as Control, A30-Pectin, A60-Pectin, A90- 
Pectin, and A120-Pectin.

2.3. Preparation of APPJ-pectin nanoparticles (NPs)

A 10 mL insulin solution (500 μg/mL, pH 3.0) was slowly added (1 
mL/min) to 20 mL of either natural pectin (Control) or APPJ-pectin 
solution (4.0 mg/mL) using a constant flow pump. The mixture was 
continuously stirred on a magnetic stirrer (200 rpm) during the addition. 
After the complete addition of insulin, the mixture was stirred for an 
additional 10 min. The insulin-pectin solution was then pumped at the 
same flow rate into 20 mL of CaCl₂ solution (2.0 mg/mL), while main
taining stirring (Fig. 1b). The mixture was further stirred at room tem
perature for 2 h to facilitate the formation of APPJ-pectin NPs. The 
suspension was then subjected to 2 min of ultrasonication (amplitude 
30%, maximum power 1200 W) to reduce aggregation. The APPJ-pectin 

NPs suspension was washed twice with distilled water (pH 4.0) by 
centrifugation at 6600 rpm for 20 min at 4 ◦C, and subsequently 
resuspended in an equal volume of distilled water (pH 4.0) to obtain the 
APPJ-pectin NPs samples. Some of the samples were stored at 4 ◦C, while 
the remaining samples were freeze-dried for future use. The samples 
were labeled as Control, A30-NPs, A60-NPs, A90-NPs, and A120-NPs, 
according to the type of pectin solution used.

2.4. Preparation of APPJ-pectin-fluorescein isothiocyanate (FITC) NPs

50 mg of FITC was dissolved in 10 mL of DMSO and then added 
dropwise to 100 mL of Na₂CO₃ buffer (0.1 M Na₂CO₃, 0.2 M EDTA, pH 
9.0) containing 250 mg of insulin. The mixture was stirred at room 
temperature for 12 h in the dark. After the reaction, NH₄Cl solution was 
added to terminate the reaction, and the mixture was transferred into a 
dialysis bag (3.5 kDa) and dialyzed against phosphate buffer (pH 7.2) 
until the dialysate became colorless (Elsabahy et al., 2021; Nabila et al., 
2024). After dialysis, the solution was aliquoted and frozen in liquid 
nitrogen, followed by freeze-drying to obtain FITC-labeled insulin (ins- 
FITC), which was stored at − 20 ◦C in the dark.

10 mg of FITC was dissolved in 2 mL of DMSO and then diluted with 
ultrapure water to a final volume of 100 mL. The solution was then 
diluted with ultrapure water to obtain FITC standard solutions at con
centrations of 15 μg/mL, 7.5 μg/mL, 3.75 μg/mL, 1.88 μg/mL, 0.94 μg/ 
mL, 0.47 μg/mL, and 0 μg/mL. 200 μL of each FITC standard solution 
and ins-FITC solution (0.5 mg/mL) were added to a 96-well plate, and 

Fig. 1. Schematic of the APPJ treatment of pectin (a) and the preparation of APPJ-pectin nanoparticles (b).
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the fluorescence intensity was measured using a microplate reader with 
excitation and emission wavelengths set at 490 nm and 520 nm, 
respectively. A standard curve was plotted based on the measured 
fluorescence intensity, and the FITC labeling efficiency was calculated 
accordingly. The labeling efficiency was defined as the mass ratio of 
FITC to the labeled insulin.

APPJ-pectin-FITC NPs were prepared following the method 
described in Section 2.3, with insulin replaced by ins-FITC while keeping 
the other procedures unchanged.

2.5. Particle size and zeta potential of APPJ-pectin NPs

The particle size and Zeta potential of APPJ-pectin NPs were char
acterized using a dynamic light scattering (DLS) instrument (NanoBrook 
Omni, Brookhaven Instruments Corporation, USA). The parameters 
were set as follows: scattering angle, 90◦; refractive index, 1.46; mea
surement temperature, 25 ◦C; equilibration period, 2 min.

2.6. Insulin encapsulation efficiency of APPJ-pectin NPs

The APPJ-pectin NPs suspension was centrifuged at 11,500 rpm for 
20 min at 4 ◦C. The insulin concentration in the supernatant was 
determined using an insulin ELISA kit (B75453-96 T, MERYER, China). 
The calculation formula for insulin encapsulation efficiency was as fol
lows (Huo et al., 2023): 

Encapsulation efficiency (%) =
Total ins − Free ins

Total ins
×100% 

Total ins: the total mass of insulin added during the preparation of 
APPJ-pectin NPs; Free ins: the total mass of insulin in the supernatant.

2.7. In vitro simulated insulin release of APPJ-pectin NPs

The in vitro simulated insulin release test for the APPJ-pectin NPs 
samples was modified from the method detailed by Zhu et al. (2024). 
APPJ-pectin NPs samples were mixed in equal proportions with simu
lated gastric fluid (SGF, pH 1.2, 0.2% (w/v) NaCl, and 0.1% (w/v) 
pepsin, 3000 U/mg). The mixture was incubated at 37 ◦C with shaking 
(150 rpm) for 2 h. At predetermined time intervals, 2 mL of the incu
bated mixture was withdrawn and centrifuged at 11,500 rpm for 10 min 
at 4 ◦C to remove the supernatant. The precipitate was washed twice 
with distilled water (pH 4) to remove residual pepsin. 2 mL of standard 
pH buffer solution (pH 9) was added to the precipitate and incubated at 
37 ◦C with shaking until complete dissolution of the precipitate. The 
insulin concentration in the solution (unreleased insulin) was deter
mined using an insulin ELISA kit. The insulin release rate was calculated 
using the following formula: 

Release rate (%) =
Total ins − Unreleased ins

Total ins
×100% 

After incubation in SGF, the APPJ-pectin NPs samples were mixed in 
equal proportions with simulated intestinal fluid (SIF, pH 7.4, 0.1% (w/ 
v) CaCl₂, 1.0% (w/v) bile salts, 0.2% (w/v) Tris, and 0.1% (w/v) trypsin, 
130 U/mg). The mixture was incubated at 37 ◦C with shaking (150 rpm). 
At predetermined time intervals, 2 mL of the incubated mixture was 
withdrawn for analysis. The treatment of the mixed samples, the 
determination of insulin concentration, and the calculation of insulin 
release rate were performed as described above.

2.8. Circular dichroism (CD) spectroscopy of natural and released insulin

The dissolved insulin solution was added to a standard pH buffer 
solution at pH 7.4 to obtain the natural insulin sample. The APPJ-pectin 
NPs samples were incubated in a standard pH buffer solution at pH 7.4 
with shaking at 37 ◦C for 10 h to obtain the released insulin samples.

The protein structural characteristics of insulin were analyzed using 

a circular dichroism (CD) spectrometer (MOS-450, BIO-Logic, France). 
All measurements were conducted at a constant temperature of 25 ◦C, 
and baseline correction was performed using the corresponding buffer 
blanks. Measurements were performed in the far UV (190–250 nm) and 
near UV (250–320 nm) wavelength ranges, using quartz cuvettes with 
path lengths of 0.1 cm and 1.0 cm, respectively. The scanning parame
ters were set as follows: bandwidth, 1.0 nm; data interval, 1.0 nm; 
scanning speed, 50 nm/min.

2.9. Hemocompatibility assessment of APPJ-pectin NPs

The hemocompatibility of APPJ-pectin NPs was evaluated with 
modifications according to the method described by Libo et al. (2024). 
Freshly collected SD rat blood was centrifuged at 4200 rpm for 10 min at 
4 ◦C to remove the supernatant, and the pellet was repeatedly washed 
with 0.01 M PBS until the supernatant became clear. The supernatant 
was removed to obtain a red blood cell suspension. The red blood cell 
suspension was diluted with 20 volumes of 0.01 M PBS. APPJ-pectin NPs 
samples were dispersed in PBS to prepare a solution with a concentra
tion of 1 mg/mL. 0.2 mL diluted red blood cell suspension was added to 
0.8 mL of PBS (negative control), 0.8 mL of distilled water (positive 
control), and 0.8 mL of APPJ-pectin NPs suspension, respectively. After 
incubation at 37 ◦C with shaking (150 rpm) for 2 h, the mixture was 
centrifuged at 4200 rpm for 10 min at 4 ◦C. The absorbance of the su
pernatant at 540 nm was measured using a spectrophotometer. The 
hemolysis rate was calculated using the following formula: 

Hemolysis rate (%) =
As − An

Ap − An
×100% 

As: absorbance of the sample; An: absorbance of the negative control; 
Ap: absorbance of the positive control.

2.10. Transepithelial transport study of APPJ-pectin NPs in vitro

Caco-2 cells were seeded at a density of 1.2 × 105 cells onto the 
apical chamber (AP) of 12-well Transwell inserts with a seeding volume 
of 0.5 mL, while 1.0 mL of complete medium was added to the baso
lateral chamber (BL). After seeding, the cells were cultured at 37 ◦C in an 
atmosphere containing 5% CO₂, and the medium replaced every two 
days. After one week, the medium was replaced daily. Transepithelial 
electrical resistance (TEER) was measured using a Millicell-ERS volt
meter to evaluate the differentiation and maturation of the cell mono
layer. After 21 days of culture, a TEER greater than 500 Ω⋅cm2 was 
considered indicative of a fully formed cell monolayer with an intact 
barrier, which was used for subsequent experiments (Yang et al., 2025; 
Yuan et al., 2024). TEER was calculated using the following formula: 

TEER = (Rs − Rb)×A 

Rs: the resistance value of the Transwell polycarbonate membrane 
with cells seeded; Rb: the resistance value of the Transwell poly
carbonate membrane without cells; A: the effective membrane area 
(1.13 cm2) of the 12-well Transwell insert.

After 21 days of culture on Transwell inserts, the culture medium on 
both the AP and BL was removed, and the cells were washed three times 
with Hank's Balanced Salt Solution (HBSS). Subsequently, 0.5 mL of 
HBSS containing APPJ-pectin-FITC NPs was added to the AP, while 1.0 
mL of HBSS was added to the BL. At 30, 60, and 90 min, 200 μL of sample 
solution was withdrawn from the BL and replaced with an equal volume 
of prewarmed HBSS. The concentration of ins-FITC in the collected 
samples was measured using a fluorescence microplate reader. The 
apparent permeability coefficient (Papp) was calculated using the 
following equation (Yang et al., 2023): 

Papp =
dQ

dt
×

1
A × C0 

dQ/dt: amount of ins-FITC transported per unit time (μg/s); A: 
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effective membrane area of the 12-well Transwell insert (1.13 cm2); C0: 
initial concentration of ins-FITC (μg/mL).

2.11. Morphological observation of Caco-2 cells

Caco-2 cells were seeded in glass-bottom culture dishes and cultured 
according to the method described in Section 2.10. Caco-2 cells were 
examined and imaged under an optical microscope at days 2, 4, 7, 11, 
15, and 21 to evaluate their growth throughout the transepithelial 
transport study.

2.12. Scanning electron microscopy (SEM) analysis of APPJ-pectin NPs

10 μL of the ultrasonically treated APPJ-pectin NPs was dropped 
onto a silicon wafer and quickly dried in a vacuum oven at 40 ◦C. After 
drying, the sample on the silicon wafer was coated with gold by sput
tering. The microstructure of APPJ-pectin NPs was analyzed using a SEM 
(S-4800-I, Hitachi, Japan).

2.13. Evaluation of APPJ-pectin NPs uptake by Caco-2 cells

2.13.1. Confocal laser scanning microscope (CLSM) observation
Caco-2 cells were seeded in glass-bottom culture dishes at a density 

of 1 × 105 cells and cultured at 37 ◦C in an atmosphere containing 5% 
CO₂. When the cells reached approximately 70% confluence, the culture 
medium was replaced with fresh medium containing APPJ-pectin-FITC 
NPs, and the cells were further incubated for 2 h. After incubation, the 
cells were washed three times with PBS and fixed with 4% para
formaldehyde for 15 min. Subsequently, the cells were washed three 
times with PBS, stained with DAPI for 5 min to label the nuclei, and then 
washed three times with PBS again (Joshi et al., 2025). The culture 
dishes were observed under a CLSM with excitation wavelengths of 405 
nm and 488 nm.

2.13.2. Flow cytometric analysis
Caco-2 cell culture was performed as described in Section 2.13.1. 

When the cells reached approximately 80% confluence, the culture 
medium was replaced with fresh medium containing APPJ-pectin-FITC 
NPs, and the cells were further incubated for 0, 0.5, and 1.5 h. After 
incubation, the cells were washed three times with PBS. The cells were 
detached by adding trypsin solution and centrifuged at 1800 rpm for 5 
min. The cell pellet was resuspended in 500 μL PBS. The uptake of APPJ- 
pectin-FITC NPs by Caco-2 cells was analyzed using a spectral flow cy
tometer (SA3800, Sony, Japan), and the data were processed with 
FlowJo software (BD Biosciences, USA) (Shiyang et al., 2024).

2.14. Analysis of the transepithelial transport mechanism of APPJ-pectin 
NPs

2.14.1. TEER measurement in Caco-2 cell monolayers
Caco-2 cells were cultured for 21 days to form a cell monolayer, 

following the method described in Section 2.10. The culture medium in 
the AP was replaced with fresh medium containing APPJ-pectin NPs, 
and the cells were incubated for 2 h. After incubation, the cells were 
washed three times with HBSS. Fresh medium was then added to both 
the AP and BL chambers. The TEER of the samples was continuously 
measured over the next 10 h.

2.14.2. Immunofluorescence staining of tight junction protein zonula 
Occludens-1 (ZO-1)

Caco-2 cells were seeded in glass-bottom dishes and cultured as 
described in Section 2.10. After the cells formed a monolayer over 21 
days, the medium was replaced with fresh medium containing APPJ- 
pectin NPs and incubated for 2 h. Samples without APPJ-pectin NPs 
treatment served as the control (untreated).

After incubation, the cells were washed three times with PBS, then 

fixed with fixation solution (P0098) for 10 min. After fixation, the cells 
were washed three times with washing solution (P0106), each for 5 min. 
Blocking solution (P0102) was added and incubated at room tempera
ture for 1 h, followed by three washes. Then, diluted ZO-1 Rabbit 
Polyclonal Antibody (AF0321) was added, and the cells were incubated 
overnight at 4 ◦C. After incubation, the cells were washed three times. 
Then, diluted AF488-labeled Goat Anti-Rabbit IgG (H + L) (A0423) was 
added, and the cells were incubated at room temperature for 1 h, fol
lowed by three washes. Finally, the cells were stained with mounting 
solution (P0131) for 5 min. Immunofluorescence staining results were 
observed using CLSM at 405 nm and 488 nm wavelengths. All reagents 
for immunofluorescence staining were purchased from Beyotime Co., 
Ltd. (Shanghai, China).

2.14.3. Co-localization of endoplasmic reticulum (ER) and APPJ-pectin- 
FITC NPs in Caco-2 cells

Caco-2 cell culture and APPJ-pectin-FITC NPs treatment were per
formed according to the method described in Section 2.13.1. After 
treatment, the cells were washed three times with HBSS. Then, ER- 
Tracker Red solution (C1041S, Beyotime, China) was added, and the 
cells were incubated for 30 min. Finally, the mounting solution con
taining DAPI was added, and the samples were observed using CLSM at 
405, 488, and 552 nm wavelengths.

3. Results and discussion

3.1. Characterization of APPJ-pectin

3.1.1. Weight average molecular weight (MW) of APPJ-pectin
The effect of APPJ treatment on the weight average molecular 

weight of APPJ-pectin is shown in Fig. 2 and Table 1. After APPJ 
treatment, all APPJ-pectin MW chromatograms showed a single peak 
with no other significant peaks, and the peak shape was similar to that of 
the control group. These results indicated that APPJ treatment led to a 
uniform decrease in the MW of pectin, indirectly suggested that the 
modification effect of APPJ on pectin was uniform. The MW of natural 
pectin in the control group was 483,417 Da. With prolonged treatment 
time, a significant decrease in the MW was observed, reaching 358,297 
Da of A30-Pectin, 260,936 Da of A60-Pectin, 199,776 Da of A90-Pectin, 
and 142,557 Da of A120-Pectin. These results indicated that APPJ 
treatment effectively induced the degradation of the pectin backbone. A 
30-min treatment reduced the MW of natural pectin by approximately 
26%, and a 120-min treatment reduced it by more than 70%. In the 
solution treated with APPJ, the pH and electrical conductivity of the 
APPJ-pectin solution changed (Table S1), suggesting the generation of 
RONS and their effective incorporation into the solution (Table S2). 
These RONS, such as O3, H2O2, ⋅OH, NO2

− ,and ⋅NO, were able to cleave 
the glycosidic linkages (Liu et al., 2023). For example, Chokradjaroen 
et al. (2017) found that ⋅OH radicals attacked the C-1 carbon of chitosan, 
transferring the radical to this carbon by removing the hydrogen atom 
from it, which broke the β-1,4 glycosidic bond of chitosan and reduced 
its MW. On the other hand, plasma-generated electrons directly cleaved 
the β-1,4 glycosidic bond of chitosan, further decreasing its MW. By 
comparing the concentrations of RONS in APPJ-treated water and the 
APPJ-pectin solution, it was inferred that H2O2 and NO2

− were likely the 
primary long-lived RONS responsible for mediating pectin modification. 
Hu et al. (2023) treated pectin with solution pulsed plasma (2.4 kV) for 
60 min, reducing its MW from 356.5 kDa to 60.53 kDa.

3.1.2. FTIR spectrum of APPJ-pectin
FTIR analyzes the molecular structure of dried materials by 

measuring the characteristic absorption of infrared light (moisture has 
strong absorption in the infrared spectral region), and is commonly used 
to investigate the functional group changes of polysaccharides after 
plasma treatment. The FTIR spectrum is shown in Fig. 3a. The APPJ 
treatment significantly affected the degree of esterification (DE) of 
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natural pectin. The ester C––O stretching band at 1740 cm− 1 gradually 
increased, while the carboxylate C––O stretching band at 1630 cm− 1 

gradually decreased, resulting in a continuous increase in the 1740/ 
1630 peak area ratio with increasing APPJ treatment time. Based on the 
1740/1630 peak area ratio, the calculated DE of natural pectin in the 
control group was 57.44%, which increased to 67.49%, 74.08%, 
84.20%, and 91.43% after 30, 60, 90, and 120 min of treatment, 
respectively. This may be related to the decarboxylation of carboxyl 
groups by RONS generated during air plasma discharge. In a study by 
Park et al. (2021), naproxen was treated using the plasma in liquid 
process, and it was found to effectively degrade naproxen through 
decarboxylation, demethylation, hydroxylation, and dehydration re
actions initiated by ⋅OH, ultimately producing CO2 and H2O. However, 
the effect of air plasma on polysaccharides was complex. In addition to 
decarboxylation, carboxyl groups could potentially be converted into 
hydroxyl, amino (Najah et al., 2022), amide, and other functional 
groups through the influence of RONS. The specific processes and 
mechanisms involved are not yet fully understood in current research.

3.1.3. NMR spectra of APPJ-pectin
1H NMR is a technique that analyzes the response of hydrogen atoms 

in a magnetic field. By examining polysaccharide molecules in D2O, it 
provides key information on the monosaccharide composition, linkage 
types, branching structures, and molecular conformation of the poly
saccharides. The 1H NMR spectra are shown in Fig. 3b. These results 
suggested that APPJ treatment had a significant effect on the molecular 
structure of natural pectin. Nearly all proton signals assigned to gal
acturonic acid (GalA) gradually increased with prolonged APPJ treat
ment time. This may be due to the significant decrease in the MW of 
APPJ-pectin after APPJ treatment, which likely increased the exposure 
of hydrogen protons, thereby enhancing the detected signal intensity. 
Notably, the peak at a chemical shift of 3.720 ppm (corresponding to 
–OCH₃ of GalA) also increased significantly, indicating that the DE of 
APPJ-pectin continuously increased with prolonged treatment time. 
This result was consistent with the FTIR analysis (Fig. 3a). In addition, 
the H-1 proton signal of GalA was observed at approximately 5.0 ppm in 
all samples, indicating that GalA in these pectin samples was mainly 
linked by α-1,4-glycosidic bonds (Li et al., 2022), which was consistent 
with the typical structural characteristics of natural pectin.

3.1.4. Rheological analysis of APPJ-pectin
Apparent viscosity analysis can reflect the MW, chain conformation, 

and intermolecular interactions of polymer systems, and its variations 
are often used to reveal structural differences and rheological properties 
of materials. The rheological analysis results are shown in Fig. 3c. All 
samples exhibited a decrease in apparent viscosity with increasing shear 
rate, displaying typical shear-thinning behavior. The overall apparent 
viscosity of the APPJ-pectin solution gradually decreased, reflecting a 
reduction in MW and weakened intermolecular interactions with pro
longed APPJ treatment. This differed from the study by Amirabadi, 
Milani, and Sohbatzadeh (2021) of gum Arabic, where they found that 
short-duration cold plasma treatment increased the viscosity of gum 
Arabic dispersions, possibly due to enhanced intermolecular 

Fig. 2. HPLC chromatogram of APPJ-pectin weight average molecular weight distribution. Control: Natural pectin, A30-Pectin: Pectin treated with APPJ for 30 min, 
A60-Pectin: Pectin treated with APPJ for 60 min, A90-Pectin: Pectin treated with APPJ for 90 min, A120-Pectin: Pectin treated with APPJ for 120 min.

Table 1 
The weight average molecular weight and degree of esterification of APPJ- 
pectin.

Samples MW DE

Control 483,417 Da 57.44%
A30-Pectin 358,297 Da 67.49%
A60-Pectin 260,936 Da 74.08%
A90-Pectin 199,776 Da 84.20%
A120-Pectin 142,557 Da 91.43%

Control: Natural pectin, A30-Pectin: Pectin treated with APPJ for 30 min, A60- 
Pectin: Pectin treated with APPJ for 60 min, A90-Pectin: Pectin treated with 
APPJ for 90 min, A120-Pectin: Pectin treated with APPJ for 120 min.
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hydrophobic interactions and hydrogen bonding. They noted that cold 
plasma treatment increased gum Arabic's hydrophobicity, which was 
consistent with our study, where the hydrophobicity of APPJ-pectin also 
increased (Section 3.1.5). However, APPJ-pectin did not exhibit a 
similar increase in viscosity, which could be attributed to an insufficient 
enhancement of hydrophobic interactions and hydrogen bonding be
tween pectin molecules, which failed to offset the effect of the decrease 
in MW. Amirabadi et al. also found that after prolonged treatment, the 
viscosity of gum Arabic began to decrease continuously, which was 
consistent with our findings. In addition, in the low shear rate region 
(<1 s− 1), the apparent viscosity of the control and A30-Pectin decreased 
more rapidly, whereas samples subjected to longer APPJ treatment 
exhibited a more gradual decrease in this region, suggesting that the 
susceptibility of the APPJ-pectin solution to low-shear perturbation was 
reduced.

3.1.5. Water contact angle of APPJ-pectin
The water contact angle test measures the contact angle formed by a 

water droplet on the surface of a dried material, providing insights into 
its hydrophilicity or hydrophobicity. This method is commonly used to 
investigate the surface properties of polysaccharide materials and assess 
their potential applications in the biomedical field. The water contact 
angle of APPJ-pectin is shown in Fig. 3d. These results indicated that 
APPJ treatment significantly altered the wettability of APPJ-pectin. 
Overall, the water contact angle of APPJ-pectin exhibited an initial in
crease followed by a decrease with prolonged treatment. During the 
initial stages of APPJ treatment, the increase in the DE of APPJ-pectin 
led to a higher methoxy content in the molecules, which enhanced its 
hydrophobicity, resulting in an increase in the contact angle (Sun, Ding, 
Zhang, Lai, & Chen, 2023). With prolonged APPJ treatment, the MW of 
APPJ-pectin continued to decrease, and this effect gradually became 
more pronounced. The increased exposure of molecular segments 
enhanced the influence of hydrophilic groups, resulting in a gradual 
decrease in the contact angle. The contact angles of A60-Pectin and A90- 
Pectin were 93.6◦ and 89.8◦, respectively, indicating evident amphi
philic characteristics.

3.2. Particle size and zeta potential of APPJ-pectin NPs

As shown in Fig. 4a, the particle size of APPJ-pectin NPs increased 
significantly during the initial stages of treatment (A30-Pectin and A60- 
Pectin) (p < 0.05). This phenomenon could be attributed to the 
increased DE of APPJ-pectin after treatment, which led to a higher 
methoxy content and enhanced hydrophobicity, thereby strengthening 
the hydrophobic interactions between pectin molecules, making it easier 
for them to aggregate and form larger APPJ-pectin NPs. In addition, the 
absolute value of the Zeta potential (Abs Zeta potential) of APPJ-pectin 
NPs significantly decreased with prolonged treatment in the initial 
stages (Fig. 4b). This indicated that some carboxylate groups on the 
APPJ-pectin molecules were converted to methoxy groups, reducing the 
negative charge density on the molecular surface (Wan-ling, Jin-song, 
Jun-Ru, Wen-xin, & Xiao-quan, 2022). The decrease in Abs Zeta po
tential led to a reduction in electrostatic repulsion between molecules, 
which further promoted their aggregation. As the APPJ treatment time 
was extended to 90 min, the particle size of APPJ-pectin NPs began to 
decrease significantly. The continued decrease in the MW of APPJ- 
pectin, along with the shortening of molecular chains, weakened its 
intermolecular interactions and crosslinking ability, leading to the for
mation of smaller nanoparticles (Luo et al., 2024). The Abs Zeta po
tential of A90-NPs and A120-NPs increased. After APPJ-pectin 
degradation, more carboxylate groups were exposed on the molecular 
surface, enhancing the negative charge density. The increase in Abs Zeta 
potential further strengthened the electrostatic repulsion between APPJ- 
pectin molecules, potentially reducing the aggregation tendency. This 
was one of the key reasons for the decrease in the particle size of APPJ- 
pectin NPs during this stage.

3.3. Insulin encapsulation efficiency of APPJ-pectin NPs

The encapsulation efficiency of APPJ-pectin NPs for insulin showed 
an overall decreasing trend with the increase in APPJ treatment 
(Fig. 4c). In the early stages of treatment, the insulin encapsulation ef
ficiency of A30-NPs and A60-NPs showed only a slight decrease (p >
0.05). The increase in the DE of APPJ-pectin enhanced its hydropho
bicity but decreased the Abs Zeta potential, which weakened the elec
trostatic interactions with insulin. The strengthened hydrophobic 

Fig. 3. FTIR spectrum (a), NMR spectrum (b), apparent viscosity (c), and water contact angle (d) of APPJ-pectin. 
Control: Natural pectin, A30-Pectin: Pectin treated with APPJ for 30 min, A60-Pectin: Pectin treated with APPJ for 60 min, A90-Pectin: Pectin treated with APPJ for 
90 min, A120-Pectin: Pectin treated with APPJ for 120 min.
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interactions partially mitigated this effect, resulting in a slight decrease 
in encapsulation efficiency. However, the insulin encapsulation effi
ciency of A90-NPs and A120-NPs decreased significantly (p < 0.05). The 
substantial reduction in the MW of APPJ-pectin weakened its spatial 
entanglement and crosslinking ability, resulting in a loose or incomplete 
coating of APPJ-pectin NPs, which significantly reduced the insulin 
encapsulation efficiency. Furthermore, with prolonged APPJ treatment, 
the high DE significantly reduced the number of carboxylate groups in 
APPJ-pectin, weakening the ionic crosslinking between the carboxylate 

groups and Ca2+ (Wang, Munk, Skibsted, & Ahrne, 2022), which further 
decreased the structural stability of APPJ-pectin NPs, leading to a 
reduction in insulin encapsulation efficiency.

3.4. In vitro simulated insulin release of APPJ-pectin NPs

As shown in Fig. 4d, all APPJ-pectin NPs samples exhibited a slow 
release of insulin in SGF. Except for A120-NPs, which released 12.29% 
within 2 h, the release rates of the other samples were all below 10%. 

Fig. 4. The particle size (a), Zeta potential (b), insulin encapsulation efficiency (c), and in vitro simulated insulin release (d) of APPJ-pectin NPs. The CD spec
troscopy of natural and released insulin (e and f). The SEM images and particle size distribution (g) of APPJ-pectin NPs. 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, A30-NPs: Nanoparticles prepared by encapsulating insulin with A30-Pectin, A60-NPs: 
Nanoparticles prepared by encapsulating insulin with A60-Pectin, A90-NPs: Nanoparticles prepared by encapsulating insulin with A90-Pectin, A120-NPs: Nano
particles prepared by encapsulating insulin with A120-Pectin.
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Under acidic conditions, the carboxylate groups in pectin molecules 
were protonated to form carboxyl groups (–COOH), which weakened the 
intermolecular electrostatic repulsion and promoted tighter cross
linking, thus imparting higher structural stability to APPJ-pectin NPs. 
The insulin release rate of all samples significantly increased upon 
transfer to the SIF environment. At pH 7.4, the carboxyl groups in pectin 
gradually deprotonated to form carboxylate groups, which enhanced 
intermolecular electrostatic repulsion and promoted the dissociation of 
APPJ-pectin NPs (Wang et al., 2023). Furthermore, the overall charge of 
insulin shifted from positive to negative under this pH, and the inter
action between insulin and pectin changed from electrostatic attraction 
to electrostatic repulsion, further accelerating the release process. In SIF, 
there were significant differences in the release behavior among the 
different samples. The insulin release rates of A30-NPs (with the lowest 
release rate), A60-NPs, and A90-NPs were significantly lower than that 
of the control group. This may be due to the increased DE of APPJ- 
pectin, which replaced some carboxylate groups with methoxy groups. 
Since methoxy groups lack pH responsiveness, the overall pH sensitivity 
of APPJ-pectin NPs was reduced, thereby slowing down the release of 
insulin. However, with prolonged APPJ treatment, the release rate of 
APPJ-pectin NPs gradually increased, and A120-NPs eventually sur
passed the control group. The continuous decrease in the MW of APPJ- 
pectin led to an insufficient chain length to maintain effective spatial 
entanglement and crosslinking, making APPJ-pectin NPs more prone to 
dissociation under SIF conditions, thereby accelerating the release of 
insulin.

3.5. CD spectroscopy of natural and released insulin

As shown in Fig. 4e, the far-UV (190–250 nm) CD spectra revealed 
that the spectral profiles of natural insulin and all released insulin 
samples were highly similar. Compared to the known CD spectrum of 
commercial insulin (Quitério et al., 2021), the experimental results 
showed a high degree of similarity to the classic insulin spectrum. All 
samples showed distinct negative peaks at 208 nm (n → π transition) and 
222 nm (π → π transition) (Zingale et al., 2023), suggesting that they 
predominantly contain α-helix structures (Ji et al., 2022). Additionally, 
all samples exhibited a positive peak at 195 nm, indicating the presence 
of β-sheet structures (Korpela, Pitkanen, & Heinonen, 2022). Secondary 
structure analysis based on CD spectra indicated that the differences in 
content of α-helix, β-sheet, β-turn, and random coil between natural 
insulin and all released insulin samples were less than 2% (Table 2). The 
results indicated that both control NPs and APPJ-pectin NPs maintained 
insulin's secondary structure during encapsulation and release, with no 
significant changes.

The near-UV (250–320 nm) CD spectrum of insulin is shown in 
Fig. 4f. Compared to natural insulin, the intensity of the negative peak at 
275 nm was slightly increased in the released insulin. This may be 
related to changes in the local environment of tyrosine residues (Korpela 
et al., 2022), suggesting that the exposure of insulin's amino acids 
slightly increased during encapsulation and release. Additionally, pectin 
in the solution may have interacted with insulin, potentially influencing 
the exposure of insulin's amino acids. However, the overall profiles of 
the near-UV CD spectra of natural insulin and released insulin were 
similar, indicating that the tertiary structure of insulin remained stable 

during encapsulation and release. The near-UV CD spectra of insulin 
released from the control NPs and APPJ-pectin NPs nearly overlapped, 
indicating that the encapsulation and release of insulin by APPJ-pectin 
NPs did not significantly affect the stability of its tertiary structure. In 
conclusion, neither control NPs nor APPJ-pectin NPs significantly 
affected the secondary and tertiary structures of insulin during encap
sulation and release, which helped preserve both its structure and bio
logical activity.

3.6. SEM

The SEM images and particle size distribution are shown in Fig. 4g. 
All samples successfully formed nanoparticles, with particle sizes pre
dominantly around 200 nm. Compared to the control group, A60-NPs 
exhibited larger particle sizes and a clearer profile, indicating a more 
stable structure. This was primarily attributed to the higher DE of A60- 
Pectin. Arias, Rodríguez, López, and Méndez (2021) prepared nano
particles using pectin with different DE and found that the nanoparticles 
formed from high-DE pectin (76.7%) had a significantly larger particle 
size (255 nm) compared to those formed from low-DE pectin (33.1%, 
153 nm). Typically, the lower the MW of polysaccharides, the smaller 
the particle size of the nanoparticles prepared from them (Villegas- 
Peralta et al., 2021). Since the prolonged APPJ treatment significantly 
reduced the MW of A120-Pectin, the particle size of A120-NPs corre
spondingly decreased, and the morphology became more irregular after 
drying.

3.7. Hemocompatibility of APPJ-pectin NPs

As shown in Fig. 5, the hemolysis rate of APPJ-pectin NPs increased 
initially and then decreased with prolonged treatment, with A60-NPs 
exhibiting the highest hemolysis rate (4.88%). In the early stages of 
treatment, the increased DE of APPJ-pectin enhanced its hydrophobic
ity, strengthened the hydrophobic interactions between A30-NPs, A60- 
NPs, and the lipid hydrophobic regions of the red blood cell membrane, 
which intensified the membrane integrity disruption. At the same time, 
these samples exhibited relatively large particle sizes, resulting in more 
pronounced physical interactions when in contact with the cell mem
brane. Furthermore, due to the lower Abs Zeta potential of A30-NPs and 
A60-NPs, the electrostatic repulsion between the negatively charged red 
blood cell membrane and the APPJ-pectin NPs was weakened, leading to 
an increased adsorption of these nanoparticles onto the red blood cell 
membranes. This adsorption process established a strong affinity be
tween the nanoparticles and the red blood cell membranes, involving 
hydrogen bonding and van der Waals forces (Cai et al., 2025). This 
interaction induced deformation of the membrane, enabling it to cover 
more nanoparticle surfaces and generate a driving force that exceeded 
the hydrophobic interactions between the phospholipids of the cell 
membrane, ultimately leading to membrane rupture (Wei et al., 2015). 
With prolonged treatment, the decrease in MW of APPJ-pectin led to a 
reduction in the particle size of APPJ-pectin NPs. At the same time, the 
enhanced hydrophilicity weakened their interaction with the hydro
phobic regions of the cell membrane. The increase in Abs Zeta potential 
enhanced the electrostatic repulsion between APPJ-pectin NPs and the 
red blood cell membrane, which reduced their contact probability with 
the membrane, ultimately contributing to a decrease in the hemolysis 
rate. In addition, no significant cytotoxic effects were observed in the 
pectin solution treated with APPJ (Fig. S1). Overall, the hemolysis rate 
of all samples ranged from 2% to 5%, suggesting that APPJ-pectin NPs 
exhibit good biocompatibility.

3.8. Morphological observation of Caco-2 cells

The morphology of Caco-2 cells is presented in Fig. 6a. Caco-2 cells 
showed typical time-dependent growth and differentiation characteris
tics during continuous culture. On day 2 post-seeding, the cells were 

Table 2 
The secondary structure of natural and released insulin.

Samples α-helix β-sheet β-turn random coil

Natural insulin 42.8% 21.1% 17.4% 18.8%
Released insulin from control 41.7% 20.5% 17.2% 20.5%
Released insulin from A30-NPs 40.9% 22.3% 17.7% 19.3%
Released insulin from A60-NPs 41.4% 21.7% 17.8% 19.2%
Released insulin from A90-NPs 41.6% 21.2% 17.0% 20.2%
Released insulin from A120-NPs 41.8% 20.7% 18.1% 19.6%
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predominantly attached and began to enter the proliferative phase. By 
day 4, the cells exhibited a colony-like distribution and formed clustered 
arrangements, with clear boundaries between them, which displayed 
typical early proliferative morphology. By day 7, the cells had clearly 
expanded and gradually merged, forming a large cell monolayer with a 
confluence of approximately 80–90%. By day 11, the culture surface was 
completely covered by cells, and they gradually adopted a more regular 
shape, exhibiting a typical cobblestone-like morphology with epithelial 
characteristics. Additionally, signs of differentiation were observed, 
such as enhanced intercellular junctions and the formation of a brush 
border at the apical surface. By day 15, differentiation was more pro
nounced, polarization was gradually established, and intercellular 
junctions became tighter. By day 21, differentiation peaked, with nearly 
all cells displaying a typical epithelial monolayer morphology and a 
dense brush border, suggesting that the Caco-2 cells had established a 
mature intestinal epithelial barrier model.

3.9. Transepithelial cells study of APPJ-pectin NPs in vitro

After oral administration, the insulin delivery system usually enters 
the bloodstream via the transcellular pathway or the paracellular route 
through tight junctions between epithelial cells. Once the delivery sys
tem successfully crosses the intestinal epithelium, it enters the portal 
system, where it releases insulin. The insulin is then transported to the 
liver via the bloodstream, where it regulates blood glucose levels 
(Chellathurai et al., 2023). To simulate this process, the Transwell sys
tem (the system effectively simulates the structure and function of the 

intestinal epithelium) was used to assess the transport capability of 
APPJ-pectin NPs across intestinal epithelial cells (Fig. 6b) (Hu, Li, 
Huang, Wang, & Han, 2021).

In the concentration range of 0 to 15 μg/mL, the fluorescence in
tensity of FITC exhibited a strong linear correlation with its concentra
tion (Fig. 6c). The calculations resulted in a labeling efficiency of ins- 
FITC at 3.036%, expressed as the mass ratio of FITC to labeled insulin.

As shown in Fig. 6d, e, and f, the transepithelial transport efficiency 
of APPJ-pectin NPs exhibited different trends with varying incubation 
times. The apparent permeability coefficient (Papp) of all samples was 
low, with little variation observed after 30 min of incubation. This was 
because Caco-2 cells had taken up APPJ-pectin NPs, but they had not yet 
been transported into the basolateral chamber (BL) and had remained 
inside the cells. As the incubation time was extended to 30–60 min, the 
Papp levels of all samples increased overall, with a more pronounced 
variation observed between them. The Papp of APPJ-pectin NPs gener
ally increased, with the A60-NPs exhibiting the highest Papp. The 
increased hydrophobicity of APPJ-pectin NPs and the decrease in Abs 
Zeta potential enhanced the interaction between APPJ-pectin NPs and 
the cell membrane (Zheng et al., 2024), facilitating their transepithelial 
transport. After 60–90 min of incubation, the Papp trend remained 
similar across all samples, but the overall Papp levels decreased. This 
was attributed to the decrease in the concentration of APPJ-pectin NPs 
in the apical chamber (AP), resulting in a reduction in transport effi
ciency. At this stage, A120-NPs exhibited the lowest Papp. This could be 
due to the excessive reduction in the MW of A120-pectin, which caused 
its molecular chains to become too short, thereby weakening the for
mation of a stable three-dimensional network. Bruinsmann et al. (2019)
prepared lipid-core nanoparticles coated with chitosan of different MW 
for simvastatin nasal delivery. They found that the nanocapsules pre
pared with low MW chitosan (21 kDa) exhibited a higher drug release 
rate compared to those prepared with high MW chitosan (152 kDa). Our 
results were consistent with theirs, as A120-NPs demonstrated a faster 
insulin release rate (Section 3.4), releasing more insulin-FITC before 
transepithelial transport. Due to the hydrophilicity, negative charge, 
and macromolecular structure of insulin, these characteristics made it 
difficult for insulin to continue crossing the epithelial cell layer after 
release in the intestine, thus limiting its further absorption. Ultimately, 
these factors led to a reduced transepithelial transport efficiency of 
A120-NPs.

3.10. Evaluation of APPJ-pectin NPs uptake by Caco-2 cells

3.10.1. CLSM observation
The intensity of green fluorescence (ins-FITC) observed using CLSM 

provided a direct indication of the uptake efficiency and distribution of 
APPJ-pectin NPs in Caco-2 cells. As shown in Fig. 7, the green fluores
cence of the cell samples treated with APPJ-pectin NPs increased 
initially and then decreased. The cell samples treated with A60-NPs 
exhibited the strongest green fluorescence, suggesting a higher uptake 
of A60-NPs in Caco-2 cells. The decrease in the Abs Zeta potential of 
A60-NPs led to a reduction in the surface negative charge density, which 
in turn weakened the electrostatic repulsion between A60-NPs and the 
negatively charged cell membrane (Ray & Ray, 2023), thereby 
increasing the contact between A60-NPs and the cell membrane. In 
addition, the increased DE of A60-pectin enhanced the surface hydro
phobicity of A60-NPs, allowing for stronger hydrophobic interactions 
between the A60-NPs and the hydrophobic regions of the lipid bilayer, 
thereby promoting their internalization by the cells (Luo et al., 2025). 
However, the green fluorescence of cell samples treated with A120-NPs 
was similar to that in the control group, indicating a decreased uptake of 
A120-NPs by the cells. This may be attributed to the increased hydro
philicity and the recovery of Abs Zeta potential of A120-NPs, which 
weakened their interaction with the cell membrane. Moreover, the faster 
insulin release rate of A120-NPs under neutral pH may have led to the 
release of more ins-FITC before it was taken up by Caco-2 cells, thereby 

Fig. 5. The hemocompatibility of APPJ-pectin NPs. 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, 
A30-NPs: Nanoparticles prepared by encapsulating insulin with A30-Pectin, 
A60-NPs: Nanoparticles prepared by encapsulating insulin with A60-Pectin, 
A90-NPs: Nanoparticles prepared by encapsulating insulin with A90-Pectin, 
A120-NPs: Nanoparticles prepared by encapsulating insulin with A120-Pectin.
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affecting the accumulation of FITC inside the cells.

3.10.2. Flow cytometric analysis
The histogram of FITC-A fluorescence intensity in Caco-2 cells is 

shown in Fig. 8. The fluorescence intensity of all samples increased with 
prolonged incubation time, indicating that APPJ-pectin-FITC NPs were 
gradually internalized by the cells. After 0.5 h of incubation, the per
centages of FITC-positive cells in the control, A60-NPs, and A120-NPs 
treated samples were 19.6%, 82.2%, and 26.1%, respectively. At this 

time, the uptake of A60-NPs by the cells was significantly higher than 
that of the other groups. After 1.5 h of incubation, the percentage of 
FITC-positive cells in all samples exceeded 99%, indicating that nearly 
all cells successfully internalized APPJ-pectin-FITC NPs. Notably, the 
FITC mean fluorescence intensity (MFI) of the A60-NPs treated samples 
was 12,458, significantly higher than that of the control (8605) and 
A120-NPs (7236) treated samples, further indicating a higher internal
ization efficiency of A60-NPs in Caco-2 cells. The results of flow cyto
metric analysis were consistent with those observed in CLSM.

Fig. 6. The morphological observation of Caco-2 cells (a). Schematic diagram of the Transwell system (b). Standard curve of FITC concentration versus fluorescence 
intensity (c). The transepithelial transport efficiency of APPJ-pectin NPs: 0–30 min (d), 30–60 min (e), 60–90 min (f). 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, A30-NPs: Nanoparticles prepared by encapsulating insulin with A30-Pectin, A60-NPs: 
Nanoparticles prepared by encapsulating insulin with A60-Pectin, A90-NPs: Nanoparticles prepared by encapsulating insulin with A90-Pectin, A120-NPs: Nano
particles prepared by encapsulating insulin with A120-Pectin.
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3.11. Investigation of the transepithelial transport mechanism of APPJ- 
pectin NPs

3.11.1. Paracellular pathway of APPJ-pectin NPs in transepithelial 
transport

The main routes of nanoparticles transepithelial transport are the 
transcellular and paracellular pathways (Fig. 9a), both of which play 
crucial roles in the intestinal absorption of nanoparticles. The trans
cellular pathway refers to the direct route through intestinal epithelial 
cells. Upon contact with the epithelial surface, nanoparticles are inter
nalized via endocytosis. Following internalization, they undergo intra
cellular transport, where they may be routed through the endoplasmic 
reticulum (ER) and the Golgi apparatus, ultimately being exocytosed at 
the basolateral membrane into the bloodstream. The paracellular 
pathway involves nanoparticles temporarily opening the tight junctions 
between intestinal epithelial cells, allowing the nanoparticles to pass 
through the intercellular spaces and enter the bloodstream.

TEER testing evaluates the functionality of tight junctions by 
measuring the resistance of the cell monolayer. When tight junctions are 
disrupted, the TEER of the cell monolayer decreases, indicating 

increased permeability of the intercellular spaces, which facilitates the 
passage of nanoparticles through the paracellular pathway into the 
bloodstream. As shown in Fig. 9b, the TEER of the control (untreated) 
sample remained consistently around 800 Ω⋅cm2, indicating that the 
Caco-2 cells successfully formed a complete and stable monolayer dur
ing the culture process. After treatment with APPJ-pectin NPs (time ≤ 2 
h), the TEER of all samples showed a slight decrease, suggesting that 
APPJ-pectin NPs potentially affected the barrier function of the cell 
monolayer. This change could be related to a temporary relaxation and 
increased permeability of the tight junctions between the cells. How
ever, the TEER of all samples rapidly recovered after treatment, almost 
returning to the level of the control (untreated) sample within 3 h. This 
suggested that the effect was mild and transient, without causing sig
nificant long-term damage to the integrity of the cell monolayer.

Zonula Occludens-1 (ZO-1, tight junction protein) plays a critical 
role in reflecting the integrity of tight junctions through its distribution 
between Caco-2 cells. By observing the fluorescence intensity and dis
tribution of ZO-1 in intercellular spaces via immunofluorescence stain
ing, it is possible to verify whether nanoparticles induce the disruption 
of tight junctions, thus confirming whether nanoparticles are 

Fig. 7. The CLSM analysis of Caco-2 cell uptake of APPJ-pectin NPs. 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, A60-NPs: Nanoparticles prepared by encapsulating insulin with A60-Pectin, A120-NPs: 
Nanoparticles prepared by encapsulating insulin with A120-Pectin.
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Fig. 8. The flow cytometry histograms of Caco-2 cell uptake of APPJ-pectin NPs. 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, A60-NPs: Nanoparticles prepared by encapsulating insulin with A60-Pectin, A120-NPs: Nanoparticles prepared by encapsulating insulin 
with A120-Pectin.
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Fig. 9. Schematic of the transepithelial transport mechanism of nanoparticles (a). TEER of Caco-2 cell monolayers treated with APPJ-pectin NPs (b). Immunoflu
orescence staining of tight junction protein ZO-1 treated with APPJ-pectin NPs (c). Co-localization of ER and APPJ-pectin-FITC NPs in Caco-2 cells (d). 
Control: Nanoparticles prepared by encapsulating insulin with natural pectin, A60-NPs: Nanoparticles prepared by encapsulating insulin with A60-Pectin, A120-NPs: 
Nanoparticles prepared by encapsulating insulin with A120-Pectin.
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transported via the paracellular pathway. As shown in Fig. 9c, the bright 
filamentous green fluorescence between Caco-2 cells represented ZO-1. 
In the control (untreated) sample, the green fluorescence of ZO-1 was 
evenly distributed between the cells, indicating the intact tight junctions 
and the well-formed cell monolayers. After treatment with APPJ-pectin 
NPs, ZO-1 green fluorescence was only weakened in a few areas, without 
complete disappearance, which indicated that the tight junctions be
tween cells were only mildly disrupted. This could have been due to 
localized oxidative stress induced by the uptake of APPJ-pectin NPs by 
the cells, which might have affected the structure and stability of ZO-1. 
In comparison, the cells demonstrated a higher uptake of A60-NPs, 
resulting in a more pronounced reduction in the ZO-1 fluorescence 
signal. Moreover, Liu et al. (2026) found that β-lactoglobulin nanofibers 
could induce the influx of Ca2+. The increase in intracellular Ca2+

activated calpain. This enzyme cleaved tight junction proteins, which in 
turn increased paracellular permeability, thereby promoting the ab
sorption of therapeutic peptides such as insulin. Similarly, Ca2+ were 
added during the preparation of APPJ-pectin NPs for ionic crosslinking. 
After entering the cells, these nanoparticles also increased intracellular 
Ca2+ concentration, activating a similar paracellular permeability 
regulation mechanism. Overall, APPJ-pectin NPs had a slight impact on 
the integrity of the Caco-2 cell monolayer, suggesting that the para
cellular pathway was not the primary mechanism for their trans
epithelial transport.

3.11.2. Transcellular pathway of APPJ-pectin NPs in transepithelial 
transport

In all samples, the distribution of green fluorescence (APPJ-pectin 
NPs) and red fluorescence (ER) within the cells showed pronounced 
fluorescence overlap, suggesting that APPJ-pectin NPs were extensively 
internalized by Caco-2 cells and significantly co-localized with the ER 
(Fig. 9d). This observation suggested that APPJ-pectin NPs primarily 
underwent transepithelial transport via the transcellular pathway. 
Specifically, APPJ-pectin NPs were initially internalized via endocytosis 
after contacting Caco-2 cells. Subsequently, the APPJ-pectin NPs un
derwent intracellular transport, possibly via the ER-Golgi secretion 
pathway, and were eventually released into the bloodstream at the 
basolateral membrane.

4. Conclusions

This study investigated the effects of APPJ treatment on pectin and 
its nanoparticles, and evaluated their potential for oral insulin delivery. 
The results showed that APPJ treatment significantly reduced the MW of 
pectin and increased its DE. The water contact angle variation indicated 
that APPJ treatment altered the hydrophilicity and hydrophobicity of 
pectin, resulting in amphiphilic characteristics. The insulin encapsula
tion efficiency of APPJ-pectin NPs decreased slightly after treatment, 
with a more significant decline after 90 min (A90-NPs, A120-NPs). This 
might have been due to significant degradation of APPJ-pectin mole
cules, weakening the structural stability of the nanoparticles. In vitro 
release studies showed that insulin was released slowly from APPJ- 
pectin NPs in SGF. At neutral pH, the release rate was overall acceler
ated. After APPJ treatment, the release rate decreased initially before 
increasing, with A120-NPs showing the fastest rate. CD spectroscopy 
confirmed that APPJ-pectin NPs preserved insulin's secondary and ter
tiary structures during encapsulation and release, ensuring its biological 
activity throughout. Although the hemolysis rate of APPJ-pectin NPs 
initially increased, it remained low (2%–5%), demonstrating good 
hemocompatibility. The APPJ-pectin NPs primarily underwent trans
epithelial transport via the transcellular pathway, with minimal and 
transient disruption of tight junctions, suggesting that the paracellular 
pathway played a secondary role in their absorption. The Transwell 
system was used to evaluate the transepithelial transport efficiency of 
APPJ-pectin NPs. The results showed that as treatment time increased, 
Papp first increased and then decreased, with A60-NPs exhibiting the 

highest Papp. CLSM observation and flow cytometry analysis further 
validated the time-dependent uptake of APPJ-pectin NPs by Caco-2 
cells. A60-NPs demonstrated significantly higher internalization effi
ciency than the other groups. In conclusion, APPJ treatment modulated 
the physicochemical properties of pectin and its nanoparticles, opti
mizing their performance in oral insulin delivery.
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