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Purpose: 2-Dodecyl-6-methoxy-2,5-diene-1,4-cyclohexanedione (DMDD), isolated from Averrhoa carambola L. root, has demon-
strated the potential to reduce blood sugar levels. However, DMDD has poor solubility and bioavailability. This study aimed to
formulate DMDD-loaded nanoparticles (DMDD-NPs) using chitosan crosslinked with sodium tripolyphosphate through the ionic
crosslinking method and to investigate their effect on diabetic kidney disease (DKD) treatment by inhibiting the development of the
epithelial-mesenchymal transition (EMT).

Methods: DMDD-NPs were prepared by ionic crosslinking with sodium tripolyphosphate, optimizing six factors that affect
nanoparticle characteristics, including particle size and zeta potential. Encapsulation efficiency (EE) and drug loading rate (DL)
were optimized using a Box-Behnken design. The structure and characteristics of DMDD-NPs, including size, EE, DL, and release
rates, were analyzed. Cytotoxicity was assessed using the Cell Counting Kit-8 (CCK-8) assay, while the migration capacity of HK-2
cells was evaluated through scratch-wound assays. The expression of EMT-related markers (E-cadherin, Vimentin, and TGF-f1) was
assessed by qRT-PCR.

Results: The optimized formulation for DMDD-NPs was CS:TPP:DMDD = 10:3:3 (w), at pH 3.5, with 1.0 mg/mL of CS and stirring
at 500 rpm for 30 min. In these conditions, the nanoparticles had a particle size of 320.37 + 2.93 nm, an EE of 85.09 + 1.43%, and
a DL of 15.88 + 0.51%. The DMDD-NPs exhibited a spherical shape, no leakage and minimal adhesion. The optimal freeze-drying
protectant was a combination of 0.025% mannitol and 0.025% lactose. The drug release followed the Higuchi model. DMDD-NPs
improved HK-2 cell proliferation at lower concentrations (<24 pg/mL) and showed greater cell migration inhibition than DMDD.
DMDD-NPs promoted E-cadherin expression and inhibited vimentin and TGF-B1 expression, suggesting their potential role in
preventing EMT for DKD treatment.
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Introduction

Diabetic kidney disease (DKD) represents a prevalent microvascular complication of diabetes and is the leading cause of
end-stage renal disease (ESRD).' Comprising more than 90% of renal parenchyma, the renal tubules and stroma are
critical sites where excessive apoptosis of renal tubular epithelial cells plays a key role in the pathogenesis of DKD.* The
increasing prevalence of diabetes, driven by changes in lifestyle and dietary habits, has contributed to the increased
incidence of DKD and its complications. The clinical manifestations of DKD include persistent proteinuria, edema,
hypertension, and a decreased glomerular filtration rate. These symptoms follow pathological changes such as glomerular
sclerosis and renal tubule fibrosis, which ultimately lead to renal insufficiency and uremia. As a significant cause of
mortality among diabetic patients, DKD demonstrates the need for early and effective management of diabetes, in
addition to timely diagnosis and treatment of DKD.>’ Developing therapeutics that are both effective and have minimal

adverse effects remains critical, in this context, Chinese herbal medicine has demonstrated promising potential.* '' China
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and Indonesia, have many herbal plants that have been proven to be efficacious, but these have only been discovered to
be efficacious based on “testimonial based medicine”, this research is very important to bridge testimonial based
medicine and evidence based medicine.

The epithelial-mesenchymal transition (EMT) is a crucial process in the development of DKD, involving the loss of
junctions and apical polarity by epithelial cells, cytoskeletal reorganization, changes in signaling pathways that govern
cell shape, changes in gene expression, and the transition to mesenchymal cells. There are three recognized types of
EMT: Type I, associated with implantation, embryonic development, and organogenesis; Type II, related to wound
healing, tissue repair, and organ fibrosis; and Type III, related to malignancy. Type II EMT facilitates the conversion of
epithelial cells into myofibroblasts, which are instrumental in repairing damaged tissues. However, in conditions of
persistent chronic inflammation, this process can lead to abnormal accumulation of myofibroblasts, progressive fibrosis,
and subsequent excessive deposition of the extracellular matrix, causing organ damage. Type I EMT plays a central role
in renal interstitial fibrosis in DKD. Research using mouse models of diabetic nephropathy induced by streptozotocin and
human proximal renal tubules cultured under high glucose conditions has demonstrated EMT-related changes, including
increased expression of a-smooth muscle actin (a-SMA) and vimentin and decreased expression of E-cadherin.'?
Numerous studies have corroborated a correlation between EMT and modulation of key biomarkers, including an
increase in vimentin expression, a decrease in E-cadherin expression, and a reduction in Transforming Growth Factor-
Bl (TGF-1) levels.'*"°

Chitosan (CS), a green and cationic polymer, interacts with polyanions such as sodium tripolyphosphate to form
cross-links.'® The presence of these cross-linking agents induces a sol-gel transition within the polymer, facilitating the
formation of nanoparticles. This method allows precise control of nanoparticle size and properties, enabling a wide range
of applications in diverse fields such as drug delivery, tissue engineering, and food technology.!” The versatility of this
approach, along with its scalability and reproducibility, makes it a preferred method for nanoparticle synthesis.'®

In recent decades, nanotechnology has emerged as a novel research area in medicine, with nanomaterials increasingly
being utilized for their exceptional properties.'® ' In comparison, traditional Chinese nanomedicine®* offers several
advantages, including improved bioavailability of traditional Chinese medicine components, passive targeting, sustained
release capabilities, and masking of unpleasant tastes.

DMDD, a compound isolated from the root of carambola with a purity of > 95%,%*

exhibits pharmacological
effects such as lowering blood sugar, anti-inflammatory properties, and anti-tumor activity.”>*® When the aforementioned
nanoparticles’ characteristics are considered, it is possible to address the solubility issues of DMDD and significantly
enhance its effectiveness. This study aims to prepare DMDD chitosan nanoparticles (DMDD-NPs) using the ion
crosslinking method®’ and employs the response surface methodology to optimize the preparation formulation.*® This
research also investigates the impact of DMDD-NPs on the expression of key markers such as E-cadherin, vimentin, and

TGF-B1 in high glucose-induced HK-2 cells.*’

Materials and Methods
DMDD was extracted by the research team led by Hong-Liang Zhang at the College of Pharmacy of Guangxi Medical

University, achieving a purity of > 95%, as tested by Li et al**

Chitosan (CS), with a degree of deacetylation greater than
95% and a relative molecular weight of 50,000, was purchased from Macklin (Shanghai, CN). Sodium tripolyphosphate
(TPP) was obtained from Chonggqing Chemical Wansheng Chuandong Chemical Co. Ltd. (Chongging, CN). Acetic acid
was procured from Tianjin Science & Trade Chemical Reagent Co., Ltd (Tianjin, CN). Acetic acid was procured from
Chengdu Kelong Chemical Co., Ltd (Chengdu, Sichuan Province, CN). Dimethylsulfoxide (DMSO) and phosphate
buffer solution (PBS) were purchased from Solarbio (Beijing, CN), and Dulbecco’s Modified Eagle Medium (DMEM)
was purchased from Gibco (New York, USA). The Cell Counting Kit-8 (CCK-8) assay was acquired from Meilun Bio
(Dalian, Liaoning Province, CN). The AxyPrep Total RNA Small Dose Preparation Kit was obtained from Axygen
(New York, USA), and Prime Script RT Master Mix was purchased from Takara (Tokyo, Japan). All other chemical
reagents used were analytical grade. Human renal tubular epithelial (HK-2) cells were obtained from Procell (Wuhan,

Hubei Province, CN).
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The Formation of Key Nanoparticles Using the lon Cross-Linking Method

Preparation of Chitosan nanoparticles (CS-NPs): CS was prepared by dissolving 100.0 mg in 100 mL of 1% v/v
acetic acid solution. This mixture was stirred with a magnetic stirrer (Lichen DF101S/Z, Shanghai, CN) at room
temperature for 1 h until the CS was completely swollen. The solution was filtered through 0.45 pm filter. The pH
was adjusted to the desired level using 1 mol/L sodium hydroxide and acetic acid. In a separate procedure,
50.0 mg of TPP was dissolved in 50 mL of pure water and filtered through 0.22 um filters. 10 mL of the prepared
CS solution was transferred to a beaker and stirred at 300 rpm. TPP was gradually added to the CS solution
through a 1 mL sterile syringe. The stirring continued for an additional 30 min at room temperature until the
mixture became clear. The resulting solution was double-filtered using 0.22 pm filters to obtain CS-NPs.

The procedure for DMDD-NPs was adapted from that used for CS-NPs. The DMDD powder was dissolved in
absolute ethanol and sonicated for 30s to achieve a concentration of approximately 4 mg/mL. Subsequently, 10 mL of the
previously prepared CS solution was transferred to a beaker. Using a 1 mL sterile syringe, 0.75 mL of the DMDD
solution was added dropwise (1 mL/5 min) while stirring at 300 rpm for 10 min. The TPP solution was gradually added
to the mixture, stirring for 30 min until the solution became clear and transparent. The DMDD-NPs solution was filtered

twice using 0.22 pm filters to ensure purity.

Characterization

The size and zeta potential of the nanoparticles were measured using a Malvern Zetasizer ZS90 (Malvern Instruments Ltd.,
Malvern, UK). Before testing, the nanoparticles were filtered through 0.22 um microporous membranes. The zeta potential
was assessed in the designated zeta sample pool. To prepare for transmission electron microscopy (TEM), the DMDD-NPs
solution was centrifuged at 8000 rpm for 10 min at 4°C and washed twice with pure water before being redissolved in the
same. The solution was placed on a copper net covered with a supporting film and air dried for 10 min. Subsequently, a drop
of phosphotungstic acid solution was added for staining. After a 5 min wait, the excess solvent was removed, and the samples
were analyzed using a TEM (Hitachi, Tokyo, Japan) to observe and photograph the nanoparticle morphology.

Encapsulation Efficiency and Drug Loading Rate
UV spectrophotometry was used to quantify DMDD encapsulation in DMDD-NPs. To discern any potential
interference at the maximum absorption peak of DMDD, solutions of DMDD (20 pg/mL), CS-NPs, and TPP
(I mg/mL) were analyzed using UV spectrophotometry. DMDD was dissolved in anhydrous ethanol and diluted to
concentrations of 100, 50, 20, 10, and 5 ug/mL using pure water, resulting in five samples. The absorbance at 269
nm was measured using an Agilent Gary 3500 UV spectrophotometer (Santa Clara, CA, USA), with triplicate
readings taken to establish a linear regression equation for DMDD. The absorbance of the centrifuged DMDD-NP
solution was measured at 269 nm, and the free DMDD content was calculated based on the standard curve.

The encapsulation efficiency (EE) and drug loading efficiency (DL) of DMDD-NPs were calculated using the method
described by Yen et al**

EE% = [(Weight of loaded DMDD —Weight of free DMDD)/Weight of loaded DMDD] x 100%

DL% = [(Weight of loaded DMDD — Weight of free DMDD) /Weight of nanoparticles] x 100%

Single Factor Assays

Six factors were investigated for their impact on particle size, polydispersity index (PDI), and zeta potential of DMDD-
NPs: concentration of the CS solution, formulation of TPP and DMDD, pH value, mixing speed, and duration. Each
factor was evaluated at five levels, maintaining a constant chitosan amount of 10 mg. Particle size, PDI, and zeta
potential were measured using a Malvern Zetasizer ZS 90 (Malvern, UK).
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Concentration of CS Solution

This section investigated the impact of varying CS concentrations on the nanoparticles’ particle size, PDI, and zeta
potential. The nanoparticles were prepared according to the previously established protocol for DMDD-NPs. CS tested
concentrations were 0.5, 1.0, 1.5, 2.0, and 2.5 mg/mL while maintaining the mass ratio of CS to TPP to DMDD at
10:4:3 (mg).

Formulation of TPP

The formulation of TPP is critical to preparing DMDD-NPs, as deviations in its quantity can significantly affect the
outcome. To assess the impact of different TPP formulations on the particle size, PDI, and zeta potential of DMDD-NPs,
the preparation protocol was adjusted solely in terms of TPP quantity. The preparation varied only in the amount of TPP,
based on the foundational ratio of CS:TPP:DMDD at 10:X:3 (mg), where “X” denotes the TPP quantity, set at 2, 3, 4, 5,
and 6 mg.

Formulation of DMDD

The primary active ingredient in the nanoparticles was DMDD. This study explored the effects of various DMDD
formulations on the nanoparticle characteristics. The preparations adhered to a mass ratio of CS:TPP:DMDD of 10:4:X
(mg), where “X” indicates the DMDD amounts tested, specifically 1, 2, 3, 4, and 5 mg.

pH Value of CS Solution

pH levels may influence the stability of dispersed systems, notably impacting the properties of CS. Therefore, to
investigate the effect of pH on DMDD-NPs, different pH values of the CS solution were set at 3.5, 4.0, 4.5, 5.0, and
5.5.! The CS:TPP:DMDD mass ratio was maintained at 10:4:3 (mg).

Agitation Speed

In nanoparticle manufacturing, the collision frequency between particles increases proportionally with the stirring speed,
thereby increasing the probability of particle breakup and size reduction.>® This study investigated the impact of varying
stirring rates on the outcome of DMDD-NP preparation. The stirring rates tested were 100, 200, 300, 500, and 1000 rpm.

Agitation Time

The preparation of DMDD-NPs requires sufficient agitation time for the ionic cross-linking reaction, yet an excessive
duration may disrupt the nanoparticles. This study examined the effect of varying the stirring times to determine the
optimal duration. The stirring times tested were 15, 30, 45, 60, and 120 min, while all other conditions were maintained

constant.

Box-Behnken Design

According to the results of the single-factor experiments, the key factors that affect particle size, zeta potential, and PDI
were identified as TPP (X1), DMDD (X2), and pH value (X3). These variables were selected as independent variables for
a Box-Behnken design experiment involving three factors, each at three levels, as listed in Table 1.°*** The evaluation
indices for the Box-Behnken design included particle size (Y1), EE (Y2), and DL (Y3).

Table | Factors and Levels of Box-Behnken Design

Factors Low(—1) | Middle(0) | High(+1)
XI,TPP /mg 2 3 4

X2, DMDD /mg | | 2 3

X3, pH 35 4.0 4.5

Abbreviations: TPP, sodium tripolyphosphate; DMDD, 2-Dodecyl-
6-methoxy-2,5-diene- 1,4-cyclohexanedione.
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Optimum Prescription Verification

To assess the optimal formulation recommended by the Box-Behnken design (Design Expert V8.0.6.1 software), three
batches of DMDD-NPs were synthesized based on this formulation. The particle size, EE, and DL were measured and
compared with the predicted values. The deviation between the actual and predicted values was calculated as follows:

Deviation =(predicted value—measured value) /predicted value

Stability of DMDD-NPs

This study aimed to assess the stability of DMDD-NPs at 25°C. Three batches of DMDD-NPs solutions were sealed and
stored at 25°C. The samples were collected at specified time points (days 1, 7, 14, and 28) to measure the particle size,
zeta potential, and PDI.

Freeze-Drying of DMDD-NPs

Freeze-drying is a widely used technique for removing water to enhance the long-term stability of heat-labile or complex
pharmaceuticals, such as proteins, vaccines, and nanoparticles.*® The freezing step in the lyophilization process can affect
nanoparticle stability due to the increased concentration of particles in the freeze-concentrate, often making the product
difficult to dissolve after direct freeze-drying. To mitigate this problem, using protective agents during freeze-drying is
essential to improve solubility, facilitate dispersion, and preserve the integrity of the nanoparticles.>®

We systematically compared different types of saccharides and polyols, glucose, sucrose, mannitol, and lactose, as
lyoprotectants, along with their potential ratios for phage freeze-drying. First, the DMDD-NPs solution was centrifuged
using a G16-MS high-speed freezing centrifuge (Thermo Fisher Scientific Shier Co., Ltd, Shanghai, CN) for 10 min
(8000 rpm, 4°C), after which the supernatant was discarded. The remaining pellet was rinsed twice with pure water, and
0.05% (w/v) of a freeze-drying agent solution dissolved in pure water was added. The mixture was subjected to
ultrasonic dispersion for 30s, then split into culture plates and placed flat in a freezer at —20°C for 4 h to form ice,
ensuring that the ice layer did not exceed 0.5 cm.

The culture plates were sealed with a film punctured with air holes to prevent pressure-related issues, then placed in
a pre-cooled freeze dryer (Germany) for 6 h until complete sublimation of the ice. The resulting freeze-dried powder was
stored in a sealed container. To reconstitute the nanoparticles, the freeze-dried powder was dissolved in 1% (v/v) acetic
acid, subjected to ultrasonic treatment for 5 min, filtered through 0.22 um filters, and the particle size and PDI were
measured using a Malvern particle size analyzer. The change in particle size before and after freeze-drying was calculated
to evaluate the impact of different lyoprotectants on nanoparticle stability.

Change rate of particle size = (size after freezedrying — size before freezedrying) /size before freezedrying x 100%

Change rate of PDI = (PDI after freezedrying — PDI before freezedrying) /PDI before freezedrying x 100%

Chemical Structures

Fourier-transform infrared (FTIR) spectroscopy was performed using a Nicolet iS20 FTIR spectrometer (Waltham,
Massachusetts, USA) on various specimens, including DMDD, freeze-dried CS-NPs, freeze-dried DMDD-NPs, and
a mixture of freeze-dried CS-NPs and DMDD. For each sample, 2 mg of potassium bromide was added and ground with
the sample using an agate mortar. The resulting mixture was pressed into tablets, and the transparent tablets were selected
for infrared spectrum analysis.

In vitro Drug Release from DMDD-NPs

The cumulative release rate of DMDD-NPs was measured in vitro using a G16-MS high-speed freezing centrifuge
(Thermo Fisher Scientific Shier Co., Ltd, Shanghai, CN) at 4°C. A specific volume of DMDD-NP suspension was placed
in a conical flask containing 100 mL of physiological saline, adjusted to a pH of 4.5 using glacial acetic acid as a release
medium. The flask was covered with plastic wrap to prevent evaporation, and the experiment was conducted with
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magnetic stirring at 37°C and a shaking speed of 100 rpm. The samples were collected at 0.5, 1, 2, 4, 8, 12, 24, 36, 48,
72, 96, and 120 h, with 2 mL of fresh release medium added after each collection. Each sample was centrifuged at
12,000 rpm, filtered through a 0.22 um microporous membrane, and analyzed at 269 nm using a UV spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd, Beijing, CN).

Cell Culture
HK-2 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) in an incubator maintained at
37°C with 5% CO,. Once cells reached 80% confluence, they were digested with 0.25% trypsin for subculture or
cryopreservation.

Assessment of Cell Proliferation and Toxicity

The CCK-8 assay was used to assess the effects of DMDD-NPs on HK-2 cell viability and to determine the optimal
concentration of DMDD-NPs. Initially, 8x10* HK-2 cells in 100 uL of medium were seeded in 96-well plates and
incubated overnight. The following day, cells were treated with normal glucose and various concentrations of DMDD-
NPs (0.375, 0.75, 1.5, 3, 6, 12, 24, 48, 96, and 192 pg/mL) for 48 h. After treatment, the medium was replaced with
100 pL of fresh medium containing 10% CCK-8 reagent and incubated at 37°C in the dark for 1 h. Absorbance was
measured at 450 nm using a multifunctional enzyme reader (Biotek Synergy H1, USA).

Cell survival rate =[(As—Ab)/(Ac—Ab)]x 100%

As:experimental well (CCK-8, DMDD-NPs), Ac:control well (CCK-8), Ab:void well (CCK-8)

Scratch Assay

HK-2 cells were seeded at a density of 10* cells per well in 96-well plates and cultured until 95% confluency. A scratch
was created using a 10 uL pipette tip, after which the culture medium was discarded, and the suspended cells were
removed with PBS. Fresh medium containing 10% FBS and the appropriate treatments were added to the corresponding
groups. The cells were divided into six groups: NC group (high glucose medium), DMDD group (high glucose medium +
DMDD 3.0 pg/mL), CS-NPs group (high glucose medium + CS-NPs 20.0 pg/mL), and DMDD-NPs group (high glucose
medium + DMDD-NPs 20.0 ug/mL). In all groups, “high glucose” refers to DMEM supplemented with 60 mM glucose.
The images were captured between 0 and 48 h using an inverted fluorescence microscope (Leica DMi8, Solms, GER) and
analyzed using Image] software.

gRT-PCR Analysis

The cells were divided into six experimental groups: NC group, DMDD group, CS-NPs group, and low/medium/high (L/
M/H) DMDD-NPs dose groups. The NC group was treated with high glucose alone, while the DMDD group received
high glucose and DMDD at a concentration of 4.5 pg/mL. The CS-NPs group was treated with high glucose and CS-NPs
at 30.0 pg/mL. The DMDD-NPs L/M/H groups were exposed to high glucose and DMDD-NPs at 15, 30, and 45 pg/mL
concentrations, respectively. All groups were cultured for 48 h. Total RNA was extracted using the AxyPrep Total RNA
Small Preparation Kit (Axygen, New York, USA). For each sample, 1 pg of total RNA was reverse transcribed to double-
stranded cDNA using PrimeScript RT Master Mix (Takara, Tokyo, Japan). Real-time PCR was performed using TB
Green Premix Ex Taq II (Takara, Tokyo, Japan) on the CFX 96 Touch Real-Time PCR Detection System (Hercules, CA,
USA). Glyceraldehyde-3-phosphate dehydrogenase(GAPDH) was used as the internal control for relative expression, and
gene expression levels were calculated using the 274
are listed in Table 2.

method. The sequences of the primers used for qRT-PCR assays

Statistical Analysis

Data were analyzed using SPSS 25.0 and GraphPad Prism 9.3.0 software. Continuous data are presented as mean +
standard deviation (SD), while categorical and ordinal data are expressed as composition ratios or percentages. The Chi-
square test was used for categorical data, and the nonparametric rank sum test was used for ordinal data. Before analysis,
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Table 2 Primers Used in qRT-PCR

Genes Forward Primer (5'-3’) Reverse Primer (5'-3')
E-Cadherin | TCTGCTATTGCTTGCTCTTCTTCTG ATCATCTTCTCCACCGCCTTCC
TGF-B1 GCA ACA ATTCCT GGCGAT ACCTC CCTCCACGGCTCAACCACTG
Vimentin TACCAAGACCTGCTCAATGTTAAG ATG | AATCCTGCTCTCGCCTTC
GAPDH CTA TAA ATTGAGCCCGCAGC GACCAA ATCCGTTGACTCCG

Abbreviations: TGF-$1, Transforming Growth Factor-$1; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.

continuous data were assessed for normality. If the data followed a normal distribution, an independent sample ¢-test was
used for comparisons between groups, and a one-way analysis of variance (ANOVA) was performed for comparisons
between multiple groups. Post-hoc analysis was conducted using the Student-Newman-Keuls (SNK) test to determine
significant differences between groups. If normality assumptions were violated, the Mann—Whitney U rank sum test was
used for comparisons between groups, and the Kruskal-Wallis H rank sum test was used for comparisons between
multiple groups. Multiple comparisons were performed using the Dwass-Steel-Critchlow-Fligner (DSCF) method.
A significance level of P < 0.05 was considered statistically significant, with all tests being two-tailed. The significance
levels were annotated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.

Results

Preparation of Nanoparticles

CS-NPs prepared by ionic crosslinking exhibited a light blue (Figure 1A), with a particle size of 200.33 + 0.85 nm, a PDI
0f 0.28 = 0.00, and a zeta potential of 36.57 + 0.32 mV. The average length of DMDD-NPs was 307.53 + 11.47 nm, with
a PDI of 0.29 + 0.05 and a zeta potential of 49.7 = 1.78 mV. These results indicated that encapsulation DMDD increased
the average particle size compared to that of blank nanoparticles. The DMDD solution appeared light yellow, giving the
DMDD-NPs a yellowish-blue hue (Figure 1B). An interesting observation was made when the DMDD-NPs solution was
gently shaken; the nanoparticles displayed an iridescent film visible to the naked eye, which was not observed during the
initial preparation of DMDD-NPs or in the CS-NPs solution. This suggests that the phenomenon is unique to DMDD-
NPs.

Characterization of DMDD-NPs

The particle size distribution ranged from 100 to 800 nm, with a peak at 300 nm (Figure 2). The zeta potential of the
nanoparticles was measured at 48.6 mV, and its distribution is shown in Figure 3. TEM analysis revealed that the
DMDD-NPs were spherical, with a uniform size, and did not exhibit signs of breakage or adhesion. After high-speed

Figure | (A) The CS-NPs solution. (B) The DMDD-NPs solution.
Abbreviations: CS-NPs, Chitosan nanoparticles. DMDD-NPs, DMDD-loaded nanoparticles.
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Figure 2 The size distribution of DMDD-NPs.

Abbreviation: DMDD-NPs, DMDD-loaded nanoparticles.
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Figure 3 The zeta potential distribution of DMDD-NPs.

Abbreviation: DMDD-NPs, DMDD-loaded nanoparticles.

freeze centrifugation and rinsing with pure water, no free DMDD was detected. Figure 4A and B show that the
background was almost transparent, with only a small amount of free CS visible.

Encapsulation Efficiency and Drug Loading Rate

DMDD exhibited maximum absorption at 269 nm, and the presence of DMDD-NPs did not interfere with this absorption.
Figure 5 shows no additional peaks corresponding to DMDD, confirming that 269 nm was selected as the detection
wavelength. The calibration curve for DMDD was linear over the concentration range of 3.125-100 pg/mL, with

a correlation coefficient (R?) of 0.9995. The regression equation was as follows, where X represents the concentration
of DMDD (ug/mL). The DMDD concentration was calculated using this calibration curve (Figure 6).

Y = 0.02883*X 4 0.0215
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Figure 4 The images of DMDD-NPs recorded by transmission electron microscopy.
Abbreviation: DMDD-NPs, DMDD-loaded nanoparticles.
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Figure 5 The UV absorption spectrums.
Abbreviation: UV, ultraviolet.

Single Factor Assays

Concentration of CS Solution

According to Table 3, the optimal particle size, PDI, and zeta potential were achieved when the initial CS concentration
was 1.0 mg/mL, resulting in the best overall performance. As the concentration of CS increased, the viscosity of the
solution increased, leading to reduced stirring efficiency and excessive consumption of TPP. Conversely, a CS concen-
tration of 0.5 mg/mL was too low relative to TPP, resulting in an excess of TPP upon addition to the CS solution,

requiring longer reaction times and producing lower production efficiency. Based on these findings, the optimal
concentration of CS was determined to be 1.0 mg/mL.

Formulation of TPP

When the prescribed dose of TPP was 3 mg, corresponding to a CS:TPP:DMDD ratio of 10:3:3, the particle size was the
smallest at 336.13 + 6.85 nm, with a PDI of 0.30 + 0.02 and a zeta potential of 50.53 + 0.72 mV. Overall, this
combination demonstrated the most favorable results (Table 4).

International Journal of Nanomedicine 2024:19 htepsi/doi.org/|0.2147/JN.5475840 | D 44T

DovePress


https://www.dovepress.com
https://www.dovepress.com

Huang et al

Dove

4- Y =0.02883*X + 0.02155

Absorbance
"

R?=0.9995

0= T
0 25

T
50

T
75

T 1
100 125

DMDD concentration (pg/ml)

Figure 6 The standard curve of DMDD.
Notes: The excitation wavelength was set at 269 nm.

Abbreviations: DMDD, 2-Dodecyl-6-methoxy-2,5-diene-|,4-cyclohexanedione.

Formulation of DMDD

As shown in Table 5, the particle size of the nanoparticles decreased with lower doses of DMDD. When the DMDD
amount was 3 mg (CS:TPP:DMDD ratio 10:4:3), the particle size was 274.93 + 3.59 nm, with a PDI of 0.38 + 0.03 and
a zeta potential of 44.1 + 0.87 mV. However, when the DMDD concentration reached or exceeded 4 mg/mL, the particle
size rapidly increased to over 400 nm, accompanied by an increase in PDI. Considering these factors, along with the drug

loading efficiency of DMDD, the optimal DMDD concentration was determined to be 3 mg.

pH Value of CS Solution

The pH value of CS solution significantly affects the size and zeta potential of DMDD-NPs. As shown in Table 6, the
particle size increased markedly at a pH of 5.5, exceeding 2000 nm, while the zeta potential dropped below 25 mV,

Table 3 Concentration of CS Solution

CS (mg/mL) | Size/nm PDI Zeta/mV
0.5 388.13+15.18 | 0.35+0.05 | 59.47+1.99
1.0 328.5+3.05 0.3+0.03 | 47.87£1.22
1.5 508.5+5.6 0.5+0.06 | 44.6x1.4l
2.0 845.1£15.68 | 0.57+0.09 | 35.2+1.06
25 866.8£28.77 | 0.68+0.06 | 27.87+0.15

Abbreviations: CS,

Table 4 Prescription of TPP

Chitosan; PDI, polydispersity index.

TPP/mg | Size/nm PDI Zeta/mV
2 489.95+5.73 0.43£0.03 | 24.16%1.04
3 336.13+6.85 0.30£0.02 | 50.53+0.72
4 370.43+5.71 0.25+0.04 | 41.5%1.22
5 683.3+12.16 0.2+0.06 | 30.57+0.84
6 25,080+10,097.48 | 0.78+0.32 | 15.8+0.78

Abbreviations: TPP, sodium tripolyphosphate; PDI, polydispersity

index.
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Table 5 Prescription of DMDD

DMDD/ mg | Size/nm PDI Zetal mV

| 264.6+4.54 | 0.27+0.00 | 42.13+0.95
2 263.1£2.29 | 0.23+0.01 | 42.67+1.39
3 274.93%£3.59 | 0.38+0.03 | 44.1+0.87
4 422.8+8.03 0.28+0 47.33+0.58
5 450.6+11.47 | 0.46+0.08 | 47.77+0.4

Abbreviations: DMDD, 2-Dodecyl-6-methoxy-2,5-diene- | ,4-cyclo-
hexanedione; PDI, polydispersity index.

Table 6 pH Value of CS Solution

pH | Size/nm PDI Zeta/mV

3.5 | 288.83%1.85 0.36+0.02 | 44.4+0.3

4.0 | 370.3%7.71 0.31£0.05 | 38.8+I.1

45 | 293.07+7.6 0.31+£0.04 | 32.67+0.95
5.0 | 765.63+£80.44 0.25+0.04 | 27.03+1.78
5.5 | 2004.5+142.13 | 0.6+0 20.37+£0.57

Abbreviation: PDI, polydispersity index.

indicating poor stability. In contrast, at a pH of 3.5, the particle size was the smallest, the zeta potential was the highest,
and the PDI was within a reasonable range, leading to improved system stability and a simpler preparation process.

Agitation Rate
According to Table 7, particle size and the PDI increased when the magnetic stirring speed was below 200 rpm.
However, the particle size was minimized at an agitation speed of 500 rpm, indicating that 500 rpm is the optimal stirring

speed.

Agitation Time

When stirred for 15 min, the nanoparticle size and PDI were relatively large, likely indicating incomplete formation and
instability of the nanoparticles. However, after stirring for more than 30 min, both the particle size and PDI decreased.
Considering that longer stirring time also increases costs, stirring for 30 min appears to be the preferred option, as shown
in Table 8.

Box-Behnken Design
Table 9 was generated using Design Expert 8.0.6 software to guide the experiment series. The results were documented
after conducting experiments based on this design, and the particle size, EE, and DL were statistically analyzed.

The regression equation for size is the following: Size = + 315.82 + 44.15A + 69.33B + 32.81C - 13.04AB —9.36AC +
34.81BC +32.16A” +20.62B” - 21.01C>. According to the equation, the factors influencing particle size are ranked in order

Table 7 Agitation Speed

Rate/rpm | Size/nm PDI Zeta/mV
100 435.57£13.16 | 0.41+0.05 | 43.63£0.4
200 441.87£15.06 | 0.47+0.06 | 48%0.26
300 299.8+4.9 0.25£0.01 | 49.57+1.03
500 271.2+6.81 0.29+0.00 | 50.4+0.1
1000 299.6+4.45 0.27+0.01 | 51.1+0.44

Abbreviation: PDI, polydispersity index.
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Table 8 Agitation Time

Time/min | Size /nm PDI Zeta/mV
15 620.27+44.9 | 0.58+0.10 | 47.83+0.7
30 320.2+8.84 0.38+0.05 | 48.37+0.74
45 332.27+1.59 | 0.37£0.01 | 50.53+0.72
60 321.3+0.82 0.37+0.05 | 51.03%1.12
120 331.07£6.91 | 0.39£0.02 | 53.2%1.57

Abbreviation: PDI, polydispersity index.

Table 9 Box-Behnken Design and Assay Result

Number | XI,TPP | X2,DMDD | X3,pH | YI,Size | Y2,EE% | Y3,DL%
| 3.00 2.00 4.50 270.26 84.06 11.21
2 2.00 2.00 3.50 250.15 86.73 12.39
3 4.00 2.00 5.50 385.07 89.3 13.16
4 3.00 3.00 3.50 301.24 85.81 15.09
5 4.00 1.00 4.50 350.05 93.91 6.26
6 3.00 3.00 5.50 450.37 89.42 13.76
7 3.00 2.00 4.50 327.01 82.46 15.20
8 3.00 2.00 4.50 325.00 81.72 12.90
9 4.00 3.00 4.50 480.54 79.59 14.05
10 3.00 2.00 4.50 320.71 82.46 113
I 4.00 2.00 3.50 352.09 78.05 19.76
12 2.00 3.00 4.50 413.24 85.00 10.87
13 3.00 1.00 5.50 260.00 99.43 7.10
14 2.00 1.00 4.50 230.58 99.19 5.74
15 3.00 2.00 4.50 336.13 83.59 14.15
16 3.00 1.00 3.50 250.10 99.07 7.08
17 2.00 2.00 5.50 320.59 87.00 12.02

Abbreviations: TPP, sodium tripolyphosphate; DMDD, 2-Dodecyl-6-methoxy-2,5-diene-1,4-cyclo-
hexanedione; EE, Encapsulation efficiency; DL, drug loading rate.

B > A > C, corresponding to DMDD > TPP > pH. Additionally, there are interrelated factors that affect each other, with
detailed analysis results shown in Table 10. The model indicates that factor B is the most significant factor (P < 0.0001), while
factors A and C are also significant (P < 0.01). The interactions between BC and A? are statistically significant (P < 0.05). The
surface plots that illustrate the influence of each factor are shown in Figure 7.

The regression equation for the encapsulation efficiency is EE% = +82.86-2.13A - 6.47B + 1.93C - 0.033AB +
2.75AC + 0.81BC - 0.80A% + 7.36B® + 3.21C?. It can be observed from the formula that the factors influencing
encapsulation efficiency, in descending order of importance, are B > A > C, corresponding to DMDD > TPP > pH.
Table 11 and Figure 8 present the analysis of cross-influencing factors. According to the model, B and B? show the
highest significance (P < 0.0001), while A, C, AC, and C? are also significant (P < 0.01).

The regression equation for the drug loading rate is expressed as DL% = +12.92 + 1.53A + 3.45B - 1.04C + 0.66AB -
1.56AC - 0.34BC - 0.056A% - 3.63B* + 1.47C>. According to the equation, in descending order of importance, the factors
that influence particle size are B > A > C, representing DMDD > TPP > pH. Table 12 presents the analysis of interrelated
factors. The model indicates that factor B is highly significant (P < 0.001), B? is significant (P < 0.01), and factor A is
also significant (P < 0.05). Surface interaction diagrams for each factor are shown in Figure 9.
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Table 10 Statistical Analysis of Box-Behnken Design

Source Sum of Squares | df | Mean Square | F Value | p-Value | Prob > F
Model 76377.93 9 | 8486.44 15.63 0.0008 significant
A-TPP 15592.90 | 15,592.90 28.71 0.0011

B-DMDD 38455.96 [ 38,455.96 70.81 < 0.0001

C-pH 8610.00 | 8610.00 15.85 0.0053

AB 680.43 | 680.43 1.25 0.2999

AC 350.81 | 350.81 0.65 0.4480

BC 4846.25 | 4846.25 8.92 0.0203

A? 4355.89 | 4355.89 8.02 0.0253

B? 1789.64 | 1789.64 3.30 0.1123

c? 1858.79 | 1858.79 3.42 0.1068

Residual 3801.47 7 | 543.07

Lack of Fit | 1079.86 3 359.95 0.53 0.6860 not significant
Pure Error | 2721.61 4 | 680.40

Cor Total | 80179.40 16

Notes: A represents TPP; B represents DMDD; C represents pH.
Abbreviations: TPP, sodium tripolyphosphate; DMDD, 2-Dodecyl-6-methoxy-2,5-diene-1,4-cyclohexanedione.

Verification of the Optimum Prescription

The average particle size of three batches of DMDD-NPs prepared using the optimal formula was 326.3 + 3.56 nm, with
an EE of 86.31 + 2.17% and an average drug loading rate of 14.32 + 0.97%. All values align closely with the predicted
outcomes. Details are shown in Table 13.

Stability of DMDD-NPs

DMDD-NPs maintained long-term stability at 25°C for the first 7 days, followed by an increase in PDI. After 14 days,
the nanoparticle size and the zeta potential decreased, possibly due to leakage. By day 28, the leak had stabilized,
resulting in more uniform particle size and a corresponding decrease in PDI. Table 14 summarizes these findings.

Freeze-Drying of DMDD-NPs

Table 15 shows that the combination of 0.05% (w/v) mannitol and lactose exhibited excellent freeze-drying protective
effects, with no significant changes in particle size or PDI after freeze-drying. This combination was identified as an ideal
lyoprotectant, leading to only a 0.9% change in particle size and effectively maintaining the long-term stability of the
freeze-dried nanoparticles.

Chemical Structure of DMDD-NPs

Figure 10A shows the infrared spectrum of DMDD, while Figure 10B represents the infrared spectrum of dry powder
containing both DMDD and CS-NPs, and Figure 10C depicts CS-NPs alone. In Figure 10B, the characteristic absorption

Figure 7 DMDD-NPs’ 3D surface fitting of particle size. (A) The side of TPP and DMDD. (B) The side of TPP and pH. (C) The side of DMDD and pH.
Abbreviations: 3D, three dimension. DMDD-NPs, DMDD-loaded nanoparticles.
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Table 11 The analysis of Encapsulation Efficiency

Source Sum of Squares | df | Mean Square | F Value p-Value | Prob > F
Model 717.43 9 79.71 33.85 < 0.0001 | significant
A-TPP 36.42 | 36.42 15.47 0.0057

B-DMDD 335.38 | 335.38 142.43 < 0.0001

C-pH 29.92 | 29.92 12.71 0.0092

AB 4.225E-003 | 4.225E-003 1.794E-003 | 0.9674

AC 30.14 | 30.14 12.80 0.0090

BC 261 | 2.6l I.11 0.3273

A? 2.67 | 2.67 1.14 0.3220

B? 228.16 | 228.16 96.90 < 0.0001

c? 43.35 | 43.35 18.41 0.0036

Residual 16.48 7 | 235

Lack of Fit | 12.89 3 | 430 4.78 0.0823 not significant
Pure Error | 3.59 4 | 090

Cor Total | 733.91 16

Notes: A represents TPP; B represents DMDD; C represents pH.
Abbreviations: TPP, sodium tripolyphosphate; DMDD, 2-Dodecyl-6-methoxy-2,5-diene-1,4-cyclohexanedione.

bands of DMDD and CS-NPs remain distinct, even after physical mixing. Furthermore, the spectrum in Figure 10D,
corresponding to DMDD-NPs, combines the characteristic bands of the previous spectra without introducing any new
peaks, indicating that no additional products were formed during the preparation of DMDD-NPs. The functional groups
of DMDD-NPs, prepared via an aminoacylation reaction, were characterized using infrared spectroscopy.

In vitro Drug Release from DMDD-NPs

As shown in Figure 11, the release of DMDD-NPs in physiological saline followed a slow-release pattern during the first
8 h, followed by a faster release phase between 8 and 72 h. The release rate had stabilized by the 72 h mark, resulting in
a sustained slow release. The cumulative release rate after 120 h was measured at 88.05 + 1.68%, demonstrating
a significant sustained release effect. Upon analysis, the release of DMDD-NPs closely followed the Higuchi model, with
an R? value of 0.98261.

DMDD-NPs Effects on HK-2 Cell

The Proliferate Activity of HK-2 Cells by the CCK-8 Assay

As shown in Figure 12, when the concentration of DMDD-NPs was below 24 ng/mL (with a drug loading rate of 15.2%),
the survival rate of HK-2 cells exceeded 100%. This suggests that DMDD-NPs demonstrated excellent biological safety
and promoted the proliferation of HK-2 cells at concentrations below this threshold, indicating a promising potential for
drug development.

Figure 8 DMDD-NPs’ 3D surface fitting of encapsulation efficiency. (A) The side of TPP and MDD. (B) The side of TPP and pH. (C) The side of pH and DMDD.
Abbreviations: 3D, three dimension. DMDD-NPs, DMDD-loaded nanoparticles.
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Table 12 The analysis of Drug Loading Rate

Source Sum of Squares | df | Mean Square | F Value p-Value | Prob > F
Model 196.86 9 | 21.87 7.61 0.0070 significant
A-TPP 18.64 | 18.64 6.48 0.0383

B-DMDD | 95.15 | 95.15 33.11 0.0007

C-pH 8.57 | 8.57 2.98 0.1279

AB 1.77 | 1.77 0.62 0.4585

AC 9.70 | 9.70 3.38 0.1088

BC 0.46 | 0.46 0.16 0.7024

A? 0.013 | 0.013 4.677E-003 | 0.9474

B? 55.53 | 55.53 19.32 0.0032

c? 9.11 | 9.11 3.17 0.1182

Residual 20.12 7 | 287

Lack of Fit | 7.28 3 243 0.76 0.5740 not significant
Pure Error | 12.84 4 321

Cor Total | 216.98 16

Notes: A represents TPP; B represents DMDD; C represents pH.
Abbreviations: TPP, sodium tripolyphosphate; DMDD, 2-Dodecyl-6-methoxy-2,5-diene-1,4-cyclohexanedione.

Scratch Assay

After 48 h of high glucose stimulation, the scratch gap in the NC group of HK-2 cells appeared nearly healed. In contrast,
the DMDD group showed relatively flat profiles, with significant gaps still present. The CS-NPs group exhibited larger
scratch gaps than the NC group, although the uneven scratch area was also near healing. Notably, the DMDD-NPs group
showed wider scratch gaps than those of both the DMDD and CS-NPs groups, with the scratch appearing as smooth as
that in the DMDD group. These findings suggest that DMDD effectively inhibits HK-2 cell migration induced by high
glucose and that the inhibitory effect of DMDD-NPs surpasses that of DMDD alone. These results are illustrated in
Figure 13.

gRT-PCR Analysis

The Expression of E-Cadherin

As shown in Figure 14A, compared to the NC group, E-Cadherin expression increased in all DMDD-NPs L/M/H groups,
indicating that DMDD-NPs increased E-Cadherin expression in a dose-dependent manner. Compared to the DMDD
group, E-Cadherin expression was significantly higher in the DMDD-NPs M group and markedly higher in the DMDD-
NPs H group. These results suggest that DMDD-NPs enhanced E-Cadherin expression more effectively than the same
dose of DMDD, while CS-NPs did not exhibit a similar effect.

The Expression of Vimentin
Figure 14B illustrates the expression of vimentin. Compared to the NC group, vimentin expression was significantly
decreased in both the DMDD and DMDD-NPs groups, with the most pronounced reductions observed in the M and

Figure 9 DMDD-NPs’ 3D surface fitting of drug loading rate. (A) The side of TPP and DMDD. (B) The side of TPP and pH. (C) The side of DMDD and pH.
Abbreviations: 3D, three dimension. DMDD-NPs, DMDD-loaded nanoparticles.
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Table 13 Verification of the Best Prescription

Size(nm) | EE (%) DL (%)

Predicted value | 317.46 84.21 15.58
Measured value | 320.37+2.93 | 85.09+1.43 | 15.8810.51

Abbreviations: EE, Encapsulation efficiency; DL, drug loading rate.

Table 14 The Stability test of DMDD-NPs

T/°C | Timeld | Size/nm Zeta /mV | PDI

25°C | | 334.2247.18 45.61+0.93 | 0.22+0.01
7 337.69+3.7 44.59+1.70 | 0.5+£0.04
14 283.6316.02 36.4410.94 | 0.4710.01
28 235.51+14.72 | 38.33+0.85 | 0.3310.04

Abbreviations: T, temperature; PDI, polydispersity index.

Table 15 The Freeze-Drying Test of DMDD-NPs

Cryoprotectants Size Before Size After Rate of Change/%
Freeze-Drying/nm | Freeze-Drying/nm

0.05% mannitol 515.77+10.67 521.33+10.68 1.1

0.05% lactose 534.03x11.71 581.85+56.50 9.0

0.05% sucrose 565.63+10.30 2010.00+9.90 255.4

(0.025% mannitol + 0.025% lactose) | 485.10+£14.99 489.57+20.78 0.9

(0.025% mannitol + 0.025% sucrose) | 515.97+12.67 1299.67+£77.98 151.9

(0.025% sucrose + 0.025% lactose) 600.70+39.09 1473.50£26.16 145.3

H dosage groups. This suggests that both DMDD and DMDD-NPs can inhibit vimentin expression, with statistically
significant differences. In contrast, vimentin expression was significantly higher in the CS-NPs group compared to the
DMDD group, indicating no inhibitory effect. Vimentin expression was further down-regulated in the DMDD-NPs
M and H groups. In conclusion, DMDD-NPs exhibited a more substantial inhibitory effect on vimentin expression than
DMDD alone.

The Expression of TGF-f1

Compared to the NC group, TGF-B1 expression was significantly reduced in the DMDD group and in the DMDD-NPs
M and H dosage groups. The CS-NPs group also showed a slight reduction in TGF-1 expression (*P < 0.05), but its
levels were significantly higher than the DMDD group. In contrast, the DMDD-NPs M and H groups exhibited
substantially lower TGF-B1 levels. Notably, the expression of TGF-1 in the DMDD-NPs M dose group was similar
to that of the DMDD group. These findings are supported by the statistical analysis presented in Figure 14C.

Discussion

In this investigation, drug-loaded nanoparticles exhibited a distinct visual appearance upon reaching a specific concen-
tration. On visual observation, fine DMDD nanoparticles were suspended in the solution with an oil film-like color. In
contrast, CS-NPs did not display this characteristic, likely due to their small size but large quantity. The DMDD
encapsulated within the nanoparticles appeared to generate a fluctuating oil film resembling tiny oil droplets. When
light interacted with this film’s front and rear surfaces, coated with a transparent chitosan layer, it produced varying
colors.*® This optical effect became more pronounced when the container was agitated, and the small size of the DMDD-
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Figure 11 DMDD-NPs accumulative release diagram in vitro.
Abbreviations: 3D, three dimension. DMDD-NPs, DMDD-loaded nanoparticles.

NPs contributed to this phenomenon.37 Furthermore, when DMDD was introduced into a chitosan solution without TPP,
the solution appeared yellow and slightly cloudy. However, with the continued addition of TPP and stirring, the solution
gradually became more apparent, indicating successful encapsulation of DMDD.
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Figure 12 Cell proliferation activity test by CCK-8.
Abbreviation: CCK-8, the Cell Counting Kit-8.

NC group DMDD group CS-NPs group DMDD-NPs group

Figure 13 Cell experimental diagram of scratch at 0 h and 48 h. (A), (B) NC group. (C), (D) DMDD group. (E), (F) CS-NPs group. (G),(H) DMDD-NPs group. (A), (C),
(E),and (G) were photoed at 0 h, (B), (D), (F),and (H) were photoed at 48 h.
Abbreviations: DMDD, 2-Dodecyl-6-methoxy-2,5-diene- | ,4-cyclohexanedione; CS-NPs, Chitosan nanoparticles; DMDD-NPs, DMDD-loaded nanoparticles.

The single-factor experiments were to explore the basic preparation method of DMDD-NPs with acceptable size, zeta
potential and PDI, and Box-Behnken design was to optimize. We found the particle size of the nanoparticles is influenced
by the ratio of CS to TPP at 5:1 ratio results in larger particles due to incomplete crosslinking, while ratios of 10:3 or 10:4
yield smaller particles. However, a 5:3 ratio leads to flocculent precipitation caused by excess TPP, producing particles
larger than 20,000 nm, far exceeding the acceptable range of 1 to 1000 nm.*® The ionic crosslinking method to prepare
chitosan nanoparticles is based on the positive charge of the primary amino groups of chitosan in acidic solutions that
react with the negatively charged TPP to form crosslinked nanoparticles.*” Strict control of TPP is crucial, as the reaction
is irreversible. What’s more, the pH level affect the Tonic crosslinking also the stability of DMDD-NPs, pH 3.5 proved to
be the best choice.

CS is a biopolymer known for its biodegradability, biocompatibility, and low toxicity. However, its limited solubility
in non-acidic media poses a challenge for its use. pH has a significant influence on the chitosan molecules in solution.
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Figure 14 The qRT-PCR analysis. (A) The expression of E-cadherin. (B) The Expression of Vimentin. (C) The Expression of TGF-B1.
Abbreviation: TGF-B1, Transforming Growth Factor-B1.

Under acidic conditions, protonation of -NH, to -NH;" results in strong electrostatic interactions between molecules.
Additionally, chitosan hydroxyl and acetylamino groups promote strong intramolecular hydrogen bonds.** As pH
increases, the protonation of -NH;' to -NH,, due to alkali neutralization, reduces electrostatic interactions while
improving hydrogen bond formation, expanding the system viscosity. At a pH of 5.5, the interaction between chitosan
and TPP becomes insufficient, reducing zeta potential, compromising nanoparticle structure, and increasing particle size,
PDI, and reduced stability.

Based on the results of the Box-Behnken experiment, a series of alternative experimental schemes were developed
based on varying particle size, drug loading rate, and encapsulation efficiency. The experiment focused on a particle size
range of 250-350 nm. Within this range, the nanoparticles exhibited relatively high drug loading and encapsulation rates,
with a preference for higher encapsulation efficiency. The optimal formulation identified was CS:TPP:DMDD = 10:3:3,
resulting in small particle sizes, high encapsulation efficiency, and drug loading rates, which aligned well with the study
objectives.

Diabetic nephropathy is one of the main microangiopathes associated with diabetes mellitus, characterized by
persistent albuminuria and/or a progressive decline in glomerular filtration rate in clinical settings. The mortality rate
due to disability is significant until the disease progresses to end-stage renal disease.*® Injury to renal tubular epithelial
cells is closely related to diabetic nephropathy,*' with prolonged exposure to high glucose levels resulting in excessive
production of reactive oxygen species (ROS) that damage renal cells. Research indicates that tubulointerstitial lesions
correlate with worsening renal function in chronic kidney disease related to diabetes.** E-cadherin, a calcium-dependent
transmembrane glycoprotein that facilitates cell-cell adhesion, is crucial for maintaining the integrity and polarity of renal

tubular epithelial cells. Reduced E-cadherin expression indicates EMT in renal tubular cells,****

a key event in the
progression of diabetic nephropathy and renal fibrosis,** the main pathological change observed in DKD.

Research has shown that in DKD, overexpression of miRNA-21 directly suppresses Smad7 and PTEN expression,
resulting in the up-regulation of the mesenchymal markers vimentin and aSMA, downregulation of E-cadherin expres-
sion, and increased fibronectin (FN) levels, ultimately leading to renal fibrosis. DMDD-NPs have been shown to enhance
E-cadherin expression and inhibit vimentin, thus preventing EMT, protecting HK-2 cells, and ameliorating renal fibrosis

in DKD. Prolonged protein loss is associated with high TGF-betha levels. In DKD, where there is prolonged protein loss,
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this certainly causes a high potential for kidney fibrosis related to DKD.*® Studies highlight the crucial role of TGF-B1
and its downstream signaling proteins Smad3 and Smad7 in diabetic kidney injury. The TGF-B1/Smad pathway
modulates the initiation and progression of diabetic nephropathy through various miRNAs and IncRNAs.*” DMDD-
NPs can suppress TGF-f1 expression, thus impeding the onset and progression of DKD. In summary, DMDD-NPs slow
EMT progression by enhancing E-cadherin expression and inhibiting vimentin and TGF-1 expression, representing
a promising therapeutic approach for DKD.

Advances in nanomedicine have revolutionized drug formulation, leading to improvements in bioavailability, reduced
toxicity, and controlled release. Integrating hydrophobic drugs into nanomedicines has significantly improved solubility,
stability, and efficacy while minimizing side effects.*® However, many researches on nano-drugs only lingered in the
experimental stage in vitro, In vivo and clinical trials should be further strengthened.

Conclusion

DMDD-NPs were successfully prepared using the green ion cross-linking method, demonstrating optimal particle size,
zeta potential, encapsulation efficiency, and drug loading rate. The nanoparticles exhibited excellent physical properties
and sustained release behavior in vitro. DMDD-NPs revolutionized drug formulation, improved bioavailability, reduced
toxicity, and allowed controlled release. DMDD-NPs showed better DKD treatment effect compared to DMDD, in vivo
animal experiments of this delivery system need to be carried out in the future.
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