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ABSTRACT

Glucocorticoids (GCs) are the primary treatment for ulcerative colitis (UC), but their long-term use is associated
with severe systemic toxicity and side effects. Local delivery via enema can enhance GC concentrations at the
site of inflammation in the distal colon while minimizing systemic exposure. However, frequent diarrhea in UC
patients often shortens colonic residence time, limiting the therapeutic efficacy of GCs.This study aimed to
develop mucoadhesive nanoparticles (NPs) carrying different dexamethasone derivatives (DDs) that can adhere
to the positively charged inflamed colonic mucosa through electrostatic interactions after enema administration,
thereby increasing local drug concentration and achieving targeted therapy for UCTwo dexamethasone
derivatives, dexamethasone hemisuccinate and dexamethasone phosphate, were synthesized. Core PEI-DDs NPs
were prepared via electrostatic interaction between the cationic polymer polyethyleneimine (PEI) and DDs.
Subsequently, the natural polyanionic polysaccharide sodium alginate (SA) was coated onto the NP surface to
form SA-PEI-DDs NPs. The formulations were characterized for in vitro stability, drug release, and colonic
mucosal adhesion both in vitro and in vivo. Therapeutic efficacy was evaluated in TNBS-induced colitis mice by
monitoring body weight, disease activity index (DAI), myeloperoxidase (MPO) activity, pro-inflammatory
cytokine levels, and histopathological changes via hematoxylin and eosin staining.The structures of the DDs were
confirmed by 1H-NMR and MS. The NPs exhibited negative surface charges, high drug loading efficiency, and
particle sizes that differed significantly between formulations. They showed good stability and sustained drug
release under simulated colonic conditions. The negative surface charge promoted adhesion to positively charged
inflamed mucosa, enhancing local retention of the NPs at the colitis site. In vivo, SA-PEI-DDs NPs demonstrated
superior therapeutic effects compared to free dexamethasone in TNBS-induced colitis mice.Mucoadhesive SA-
PEI-DDs nanoparticles represent a promising nano-enema strategy for UC, enabling enhanced colonic targeting,
prolonged drug retention, and improved therapeutic outcomes.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease marked by diffuse mucosal inflammation,
primarily affecting the distal colon and rectum [1, 2]. Its long-term, relapsing nature significantly impairs patients’
quality of life. Glucocorticoids (GCs) are the first-line therapy for moderate-to-severe UC due to their ability to
suppress inflammatory mediators (e.g., leukotrienes, prostaglandins), cytokines (e.g., interleukins, TNF-q,
interferon), and nitric oxide (NO) via transcriptional regulation [3-6]. However, systemic side effects—including
endocrine, cardiovascular, skeletal, ophthalmic, neurological, and gastrointestinal disorders—arise from
prolonged oral GC administration [7, 8]. Targeted delivery of GCs directly to the inflamed colonic tissue can
enhance local anti-inflammatory effects while reducing systemic toxicity.

Enema administration is widely employed for localized treatment of intestinal disorders [9-11]. Approximately
two-thirds of UC patients present with inflammation in the distal colon, which is ideally addressed via local enema
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delivery [12, 13]. This route allows direct drug deposition at the site of inflammation, improving local tissue drug

levels while avoiding high systemic exposure [14, 15]. However, frequent diarrhea in UC patients reduces colonic
drug residence time, limiting therapeutic efficacy [16, 17]. Nano drug delivery systems (NDDSs) can address this
challenge. In UC, epithelial barrier dysfunction increases mucosal permeability, enabling NDDSs to preferentially
accumulate in inflamed tissue via an epithelial-enhanced permeability and retention (eEPR) effect [18, 19].
Additionally, inflamed colonic tissues exhibit depleted mucus and accumulation of positively charged proteins,
such as antimicrobial peptides and bactericidal/permeability-increasing proteins, creating a highly positive
microenvironment [20-22]. NDDSs with negative surface charges can electrostatically adhere to these inflamed
sites, reducing drug loss due to diarrhea and enhancing site-specific delivery.

Effective enema therapy requires high local GC concentrations, which depend on carriers with efficient drug-
loading capabilities [23]. However, most NDDSs struggle to achieve high GC loading due to the hydrophobic
nature of GCs [24]. Converting GCs into water-soluble derivatives combined with oppositely charged polymers
enables efficient nanoparticle formation and high drug loading [25]. In this study, dexamethasone (Dex) was
selected as a model GC, and two anionic derivatives were synthesized via esterification. These derivatives were
self-assembled with the cationic polymer polyethyleneimine (PEI) to form positively charged PEI-DDs
nanoparticles (NPs). PEI, a cation-rich polymer commonly used for nucleic acid and protein delivery, also exhibits
immunomodulatory effects by binding negatively charged lipopolysaccharides (LPS) and inhibiting TNF-o
expression in macrophages, thereby attenuating inflammation [26-30]. The multiple amino groups in PEI
facilitate electrostatic, hydrogen bonding, and hydrophobic interactions with DDs, enabling efficient nanoparticle
formation and drug encapsulation.

Sodium alginate (SA), a natural polysaccharide derived from kelp or sargassum, is widely used in biomedical
applications due to its low toxicity, biocompatibility, and biodegradability [31, 32]. Its mucoadhesive properties
allow interaction with mucin and enhance mucus viscosity, promoting retention at mucosal surfaces [33]. In this
study, SA was coated onto PEI-DDs NPs to form bilayer SA-PEI-DDs NPs (Scheme 1), designed for enema
administration. The electrostatic interaction between negatively charged SA and positively charged inflamed
mucosa enhances nanoparticle adhesion, increases local drug concentration, improves therapeutic outcomes, and
reduces systemic toxicity. This strategy offers a novel approach for targeted GC therapy in UC.
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Scheme 1. Schematic illustration of the preparation of SA-PEI-DDs nanoparticles.

Materials and Methods

Dexamethasone (Dex), 2,4,6-trinitrobenzenesulfonic acid (TNBS), and fluorescein isothiocyanate (FITC) were
sourced from Sigma-Aldrich Co. (St. Louis, MO, USA). Succinic anhydride, 4-dimethylaminopyridine (4-
DMAP), pyrophosphoryl chloride, triethylamine, O-Dianisidine dihydrochloride (ODD), and EDTA were
obtained from Aladdin Chemistry Co. Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO), ethanol, ethyl
acetate, pyridine, polyethyleneimine (PEI), sodium alginate, calcium chloride, potassium dihydrogen phosphate,
and sodium hydroxide were purchased from Kermel Chemical Co. Ltd. (Tianjin, China). All other reagents were
of analytical grade and used as received.

Animal studies

Male BALB/c mice weighing 20 = 2 g were acquired from the Laboratory Animal Center of Xi’an Jiaotong
University. Mice were housed under controlled temperature (20-25 °C) and humidity (50-60%), with free access
to food and water. Animals were acclimated for one week prior to experiments. All procedures followed
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institutional ethical guidelines and were approved by the Institutional Animal Care and Use Committee of Xi’an

Jiaotong University (Approval No. XJTULAC 2019-068).

Synthesis of Dexamethasone Derivatives (DDs)

1. Dexamethasone Hemisuccinate (DSH): Dexamethasone (1 g, 2.55 mmol) was dissolved in anhydrous
acetone with 4-DMAP. Succinic anhydride (0.51 g, 5.10 mmol) was added, followed by dropwise
triethylamine. The reaction was allowed to proceed at room temperature for 1 h. Insoluble impurities
were removed by filtration, and the solvent was evaporated under reduced pressure. The crude residue
was dissolved in absolute ethanol, mixed with distilled water at 60 °C to precipitate DSH, and
recrystallized by redissolution in acetone and cooling at 4 °C for 24 h. The product was washed with
25% ethanol and dried to obtain white crystalline DSH.

2. Dexamethasone Phosphate (DSP): Dexamethasone (1 g, 2.55 mmol) was dissolved in anhydrous
tetrahydrofuran, and pyrophosphoryl chloride was slowly added while maintaining a low temperature.
The mixture reacted for 1 h, followed by addition of deionized water and heating to 60 °C. Na2CO3 was
added for 30 min to complete the reaction. The resulting product was filtered, precipitated by dropwise
addition of hydrochloric acid, washed repeatedly, and dried to yield white DSP powder.

Both DSH and DSP were characterized by *"1H-NMR (Bruker, Germany) and high-resolution mass spectrometry
(HRMS, Thermo Scientific Q Exactive, USA).

Succinic Anhydride

v

(DSH)

Dexamethasone
(Dex) Pyrophosphoryl chloride

Dexamethasone Phosphate

(DSP)
Figure 1. Synthetic schematic diagram of DSH and DSP

The in vitro analytical methods for DDs were established by first dissolving 10 mg of either DSH or DSP in 10
mL volumetric flasks with methanol to prepare a 1 mg/mL stock solution. The maximum absorption wavelength
for each derivative was determined by further diluting the stock solutions to 0.01 mg/mL and scanning using a
UV-visible spectrophotometer (UV-2550, Shimadzu, Japan) over the 200-800 nm range, which was subsequently
used as the detection wavelength for all analyses [34]. Standard calibration curves were constructed by preparing
methanol solutions of the glucocorticoid derivatives at 0.1 mg/mL and diluting aliquots of 0.5, 1, 1.5, 2, and 2.5
mL to 10 mL with methanol, resulting in final concentrations of 0.005, 0.01, 0.015, 0.02, and 0.025 mg/mL.
Absorbance values were measured against a blank methanol solution, and standard curves were generated by
plotting absorbance versus concentration. Precision was evaluated by measuring samples of three concentrations
(0.005, 0.015, and 0.025 mg/mL) five times within a day for intra-day and across five days for inter-day
assessments, with relative standard deviation (RSD) calculated. Recovery tests were performed by spiking these
samples with DDs equivalent to 80%, 100%, and 120% of the initial content, and the percentage recovery was
determined [34].

For the preparation of SA-PEI-DDs nanoparticles (NPs), 10 mg of DDs was mixed with 10 mg of PEI and
dissolved in dimethyl sulfoxide (DMSO). This solution was placed in a dialysis bag (MWCO 3.5 kDa) and
dialyzed against deionized water to allow the negatively charged DDs and cationic PEI to self-assemble via
electrostatic interactions into PEI-DDs NPs. The dialysate was refreshed every 6 hours, and after 24 hours, the
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nanoparticles were collected and freeze-dried. For surface modification, a suspension of PEI-DDs NPs in

deionized water was prepared, and sodium alginate (SA) solution was added dropwise under stirring for 30
minutes at room temperature. The resulting SA-PEI-DDs NPs were purified through repeated washing,
centrifugation, and lyophilization. The particle size, zeta potential, and polydispersity index (PDI) were measured
using dynamic light scattering (DLS, Malvern Zetasizer Nano ZS, UK), and the morphology was examined using
transmission electron microscopy (TEM, H600, Hitachi, Japan). During the fabrication process, factors including
DDs concentration, pH, PEI molecular weight, SA concentration, and SA-to-PEI ratio significantly influenced
nanoparticle formation, and single-factor experiments were conducted to systematically evaluate these effects.
Furthermore, the drug-loading coefficient (DL%) and entrapment efficiency (EE%) of DDs were calculated by
the following equations, respectively:

DL% = W, /W,100% (1)
EE% = W, /W,100% 2

Where W; represented the weights of DDs in the final nanoparticles; Ws represented the weights of all components
in the final nanoparticles. W, represented the weights of the feeding DDs.

The stability and in vitro release behavior of SA-PEI-DDs nanoparticles (NPs) were evaluated using dynamic
light scattering (DLS). SA-PEI-DDs NPs (5 mL) were incubated in media simulating different gastrointestinal
environments, including artificial gastric juice (pH 1.2), artificial small intestinal juice (pH 6.8), and artificial
colon juice (pH 7.4), for 0, 0.5, 2, 4, 8, and 12 hours. At each predetermined time point, 1 mL of the solution was
withdrawn, and particle size changes were measured to assess NP stability [35].

The in vitro release of DDs from SA-PEI-DDs NPs was investigated using two experimental setups to mimic oral
and enema administration. For oral simulation, 5 mL of NPs solution was sequentially incubated in artificial
gastric juice for 2 hours, small intestinal juice for 4 hours, and colon juice for 6 hours. For enema simulation, NPs
solution was incubated only in colon juice (pH 7.4) for 12 hours. At predetermined intervals, 1 mL samples were
collected and replaced with fresh medium. DDs concentrations in the samples were measured according to the
previously established analytical methods, and cumulative release rates were calculated. All experiments were
performed in triplicate, and results were expressed as the ratio of the measured value to the initial concentration
[35].

The adhesion of SA-PEI-DDs NPs to isolated colonic mucosa was assessed using normal and inflamed mouse
colonic tissues. Suspensions of PEI-DDs NPs and SA-PEI-DDs NPs were prepared, and their particle count rates
(Kcps) were measured by DLS. Experimental colitis was induced in mice by intracolonic administration of 2,4,6-
trinitrobenzenesulfonic acid (TNBS) dissolved in 50% ethanol, and colons were harvested after 12 hours, washed,
and cut into 3 cm longitudinal segments. Tissue samples were incubated with 0.5 mL of NP suspensions at 37 °C
for 2 hours in the dark, after which the decrease in Kcps was measured to quantify NP adhesion. Normal saline-
treated mice were used as healthy controls [35].

In vivo adhesion studies employed fluorescein isothiocyanate (FITC) as a model to prepare SA-PEI-FITC NPs.
Experimental colitis was induced as described, and FITC solution, PEI-FITC NPs, or SA-PEI-FITC NPs (1 mL)
were administered via enema. After 2 hours, mice were sacrificed, colons were excised, longitudinally dissected,
and washed, then observed under a confocal laser scanning microscope (CLSM, Leica TCS SP8, Germany) to
evaluate fluorescence intensity. Healthy mice receiving saline instead of TNBS were used as controls [35].

The therapeutic efficacy of SA-PEI-DDs NPs was tested in TNBS-induced colitis mice. Mice were divided into
six groups: (1) control (no colitis, enema saline, n=10), (2) TNBS (n=10), (3) TNBS+Dex (enema 70 pg/kg Dex,
n=10), (4) TNBS+SA-PEI-DSH NPs (enema 70 pg/kg DSH, n=10), and (5) TNBS+SA-PEI-DSP NPs (enema 70
pg/kg DSP, n=10). Treatments were initiated 12 hours after colitis induction. Body weight changes, fecal
characteristics, and fecal occult blood were recorded daily to calculate the disease activity index (DAI). The
experiment lasted 5 days, after which survival rates were determined. Distal colons were collected, washed with
ice-cold saline, and divided for myeloperoxidase (MPO) activity assays and histopathological analysis. For MPO
measurement, tissue samples were homogenized in ten volumes of phosphate buffer (50 mM K2HPO4, pH 6.0)
containing 0.5% HTAB, centrifuged, and the precipitate re-homogenized with phosphate buffer containing HTAB
and 10 mM EDTA. MPO activity was determined based on the hydrogen-peroxide-dependent oxidation of o-
dianisidine dihydrochloride (ODD), expressed as U/g tissue. Pro-inflammatory cytokines TNF-a, IL-6, and IL-13
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were quantified from colon homogenates using ELISA kits (Beyotime Biotechnology, Shanghai, China) following

the manufacturer’s instructions [35].

Table 1. The assay criteria of 0-benzidine to determine the fecal occult blood of mice

Results Phenomenon
Normal No color occurred after adding reagents for 2 min
Occult blood Green or light green appears after adding reagent for 2min
Occult blood+ Blue-green or dark green appears after adding reagent for 10s
Occult blood++ Blue or blue-green appears after adding reagent for 5-20s
Occult blood+++ Dark blue appears immediately after the reagent is added

Table 2. Disease activity index scoring criteria

Weight Loss Character of Faeces Occult Blood Score
<0% Normal Normal 0
1-5% Occult blood+ 1

Loose
5-10% Occult blood++ 2
10-15% . Occult blood+++ 3
Diarrhea — -
>15% Visible blood in the stool 4

Statistical analysis

In this study, all quantitative results were presented as mean + SD. Results in stability and in vitro release behavior
study, mucoadhesion study, and anti-experimental ulcerative colitis study were analyzed by one-way ANOVA
and LSD test using SPSS Statistical Software (v.22; IBM, Chicago, IL, USA). p < 0.05 was considered to be
statistically significant.

Results and Discussion

Characterization and in vitro analytical method development for dexamethasone derivatives

Glucocorticoids (GCs) are potent anti-inflammatory agents that treat ulcerative colitis (UC) through several
mechanisms, including decreasing capillary permeability to reduce edema and exudation, modulating
glucocorticoid receptor activity to suppress NF-kB-mediated pro-inflammatory factor production, inhibiting
cyclooxygenase and promoting lipocortin synthesis to reduce prostaglandin and leukotriene formation, regulating
inflammatory gene expression to limit cytokine release, and reducing neutrophil and macrophage accumulation
at sites of inflammation [1-6]. Despite their therapeutic benefits, long-term oral GC administration is associated
with severe systemic side effects, highlighting the need for targeted delivery to inflamed colonic tissue to enhance
local efficacy while limiting systemic exposure [7, 8]. Previous studies have shown that localized enema delivery
of low-dose GCs can improve therapeutic outcomes in UC patients [9-11].

In this work, two dexamethasone derivatives (DDs), dexamethasone hemisuccinate (DSH) with a carboxylate
group and dexamethasone phosphate (DSP) with a phosphate group, were synthesized through esterification.
These derivatives were designed to form a nano-drug delivery system capable of adhering to inflamed colonic
mucosa, thereby increasing the local retention and concentration of dexamethasone and improving its therapeutic
effect.

DSH was prepared by reacting dexamethasone with succinic anhydride, whereas DSP was obtained using
pyrophosphoryl chloride. The chemical structures of the derivatives were verified by ~1H-NMR and high-
resolution mass spectrometry (MS). In the case of DSH, ~1H-NMR (600 MHz, DMSO-d6, & ppm) displayed
characteristic peaks at 0.886 (d, 3H, C16-H), 1.030 (s, 3H, C18-H), 1.614 (s, 3H, C19-H), 2.744 (m, 4H, C22-H,
C23-H), 6.103 (s, 1H, C4-H), 6.034 (d, 1H, C2-H), and 7.427 (d, 1H, C1-H), with an MS [M+H]+ peak at 493.2.
For DSP, “1H-NMR (600 MHz, DMSO-d6, & ppm) showed signals at 0.762 (m, 3H, C18-H), 1.365 (d, 3H, C22-
H), 2.200 (m, 3H, C19-H3), 2.502 (s, 1H, C16-H), 5.108 (s, 1H, C4-H), 5.407 (m, 1H, C2-H), and 5.562 (m, 1H,
C1-H), while the MS protonated molecular ion appeared at 463.2. These analyses confirmed the successful
synthesis of both dexamethasone derivatives, which were subsequently used to develop the mucoadhesive
nanoparticle delivery system.
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Figure 2. *H-NMR spectrum of DSH (a) and DSP (b)

In the development of in vitro analytical methods for dexamethasone derivatives (DDs), their maximum
absorbance wavelength was determined to be 241 nm using UV-visible spectroscopy. Within the concentration
range of 0.005-0.025 mg/mL, the peak areas of the DDs displayed a strong linear correlation with the theoretical
concentrations. Precision tests showed that the intra-day and inter-day relative standard deviations (RSDs) for the
derivatives were below 15% across three concentrations. Recovery experiments indicated that the added sample
recovery ranged from 99.64% to 100.71%, with no significant differences among the concentrations tested.
Collectively, these findings demonstrate that the method provided acceptable reproducibility and recovery across
the studied concentration range.

For the preparation and characterization of SA-PEI-DDs nanoparticles (NPs), the mucoadhesive systems were
generated via the spontaneous self-assembly of hydrophilic or amphiphilic polymers, driven by multiple
noncovalent interactions including electrostatic forces, hydrogen bonding, van der Waals forces, hydrophobic
interactions, and 7m-m stacking. These interactions confer structural stability and favorable thermodynamic
properties to the nanoparticles [36-38]. Initially, hydrophobic dexamethasone was chemically modified with
acidic anhydrides and acid chlorides to produce water-soluble, negatively charged DDs. These derivatives were
then complexed with the cationic polymer polyethyleneimine (PEI) via electrostatic interactions to form PEI-DDs
NPs. Subsequently, the nanoparticles were coated with the naturally occurring polyanionic polysaccharide sodium
alginate (SA), yielding SA-PEI-DDs NPs with surface charge inversion.

Several factors were found to significantly influence the particle size, zeta potential, and dispersibility of the SA-
PEI-DDs NPs. As shown in Figures 3a and 3b, increasing DDs concentration led to a continuous reduction in
particle size, zeta potential, and polydispersity index (PDI). This effect can be attributed to the higher negative
charge density at elevated DDs concentrations, which enhanced electrostatic interactions with PEI. Furthermore,
hydrophobic interactions and hydrogen bonding associated with dexamethasone’s hydroxyl groups further
strengthened the assembly, limiting PEl aggregation and promoting formation of smaller, more stable
nanostructures. The influence of solution pH is illustrated in Figures 3c and 3d, where the smallest particle sizes
were observed at neutral pH (pH 7). Both acidic and alkaline conditions increased particle size, likely due to
disruption of electrostatic coupling by H+ and OH— ions, which also affected zeta potential and dispersibility.
Notably, PEI-DSP NPs exhibited smaller particle sizes compared with PEI-DSH NPs, reflecting the stronger
electrostatic interactions between the more negatively charged phosphate group of DSP and PEI, resulting in
denser nanostructures.

The molecular weight of PEI also played a critical role in nanoparticle formation. Low molecular weight PEI (Mn
= 1800) formed NPs with larger particle sizes due to fewer amino groups, which weakened electrostatic
interactions with DDs. In contrast, high molecular weight PEI (Mn = 25,000) provided a greater number of amino
groups, facilitating stronger interactions with DDs and yielding structurally robust nanoparticles.
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Figure 3. lllustrates the effects of Dex derivative (DDs) concentration and pH on the formation of PEI-DDs
nanoparticles (NPs). Panels A and B show the influence of varying DSH and DSP concentrations on the
particle size, zeta potential, and polydispersity index (PDI) of PEI-DSH and PEI-DSP NPs, respectively.

Panels ¢ and d depict how different pH values affect these parameters for PEI-DSH NPs (c) and PEI-DSP
NPs (d) (mean + SD, n = 3).

Sodium alginate (SA) is a critical component in constructing the final nanoparticles, as its concentration plays a
central role in achieving surface charge inversion and promoting adhesion to inflammatory colonic mucosa.
Additionally, the mass ratio of SA to PEI impacts the morphology, surface potential, and dispersibility of the
resulting SA-PEI-DDs NPs. This effect is likely due to enhanced electrostatic interactions between the high-
molecular-weight anionic polysaccharide SA and cationic PEI. Notably, precipitation occurred at an SA
concentration of 2 mg/mL and a SA:PEI ratio of 0.5:1, likely because excessive SA rapidly aggregated with PEI
through electrostatic adsorption. PEI-DDs NPs prepared with DSH exhibited larger particle sizes, which further
increased upon SA coating, ultimately leading to precipitation.

These findings indicate that SA adsorbs onto the surface of PEI-DDs NPs via electrostatic interactions, causing
an increase in particle size and reversing the surface charge to produce negatively charged SA-PEI-DDs NPs.
Based on these observations, the optimized formulation of SA-PEI-DDs NPs was determined as follows: PEI
molecular weight of 25,000, pH 7, Dex derivative and SA concentrations of 20 mg/mL and 1 mg/mL, respectively,
and an SA:PEI feed ratio of 1:1. Characterization of the final nanoparticles prepared under these conditions is
summarized in Table 3, and their morphology was confirmed by TEM (Figure 4). The results demonstrated that
SA coating significantly increased particle size. Due to stronger electrostatic interactions between DSP and PEI
compared with DSH, PEI-DSP and SA-PEI-DSP NPs were smaller than their DSH counterparts. The final SA-
PEI-DDs NPs exhibited strong negative surface charge and achieved high drug-loading efficiency (drug-loading
coefficients >15%), enhancing their adhesion to positively charged colonic inflammatory mucosa and improving
therapeutic efficacy by increasing local Dex absorption at the site of inflammation.

Table 3. Characterization data of SA-PEI-GC NPs (Mean + SD, n = 3)
Parameters SA-PEI-DSH-NPs SA-PEI-DSP-NPs
Particle Size (nm) 196.33+0.75 94.36 £ 2.28
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Zeta Potential (mV) —34.63+0.77 —46.19 £ 0.25
PDI 0.25 +0.020 0.27 £0.010
Drug-loading coefficient (%) 27.40 £ 0.080 19.060 + 0.26
Entrapment efficiency (%) 54.80 +0.16 76.24 +1.040

Figure 4. shows TEM images of the nanoparticles. Panels a and e represent PEI-DSH NPs, b and f show PEI-
DSP NPs, ¢ and g depict SA-PEI-DSH NPs, and d and h display SA-PEI-DSP NPs. The scale bars for aand b
are 100 nm, for ¢ and d are 200 nm, for e and f are 50 nm, and for g and h are 100 nm.

The in vitro stability of SA-PEI-DSH and SA-PEI-DSP NPs was evaluated, and the results are shown in Figures
5a and 5b. When incubated in media simulating different segments of the gastrointestinal tract, the particle size
of SA-PEI-DDs NPs exhibited a similar trend: the most pronounced increase occurred in artificial gastric juice,
followed by a slower growth in artificial intestinal juice, and the smallest change was observed in artificial colonic
fluid. This behavior suggests that under strongly acidic conditions (pH 1.2), the abundant protons interact
electrostatically with the negatively charged SA on the nanoparticle surface. In addition, protons can penetrate the
NPs and create electrostatic repulsion with PEI, disrupting the multiple noncovalent interactions—such as
electrostatic and hydrogen bonding forces—between DDs, PEI, and SA. This structural disturbance leads to a
substantial increase in particle size.

As the pH increases, the influence of protons diminishes, resulting in a slower growth of particle size. Under
mildly alkaline conditions (pH 7.4), electrostatic repulsion between negatively charged hydroxyl ions and surface
SA helps maintain the structural integrity of the nanoparticles. The low concentration of hydroxyl ions exerts
minimal effect on the internal noncovalent interactions of SA-PEI-DDs NPs, producing only slight increases in
particle size. Notably, SA-PEI-DSP NPs exhibited smaller particle size increases than SA-PEI-DSH NPs under
acidic conditions, likely because DSP carries more negative charges, which strengthen its electrostatic interactions
with PEI and enhance the structural stability of the nanoparticles in acidic environments.
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Figure 5. lllustrates the stability and in vitro release behavior of the nanoparticles. Panels A and B show the

influence of media with different pH values on particle size changes for SA-PEI-DSH NPs (a) and SA-PEI-

DSP NPs (b). Panels ¢ and d depict the in vitro release profiles of SA-PEI-DDs NPs. For oral administration

simulation (Figure 5c), the experiment was conducted sequentially in media at pH 1.2 (0-2 h), pH 6.8 (3-6

h), and pH 7.4 (7-10 h). For enema administration simulation (Figure 5d), the NPs were incubated in pH 7.4
medium for 12 h.

The release profiles demonstrated that under conditions mimicking oral administration, SA-PEI-DDs NPs
exhibited a burst release in acidic environments, leading to rapid liberation of DDs. Notably, SA-PEI-DSP NPs
released DDs more slowly than SA-PEI-DSH NPs at all time points, likely due to stronger electrostatic interactions
between DSP and PEI, which stabilized the nanoparticles and slowed degradation. In contrast, under conditions
simulating enema administration, both types of NPs showed a gradual release, reaching a cumulative release of
approximately 40% over 12 h. These findings indicate that solution pH markedly influences the structural integrity
and release behavior of SA-PEI-DDs NPs. Acidic conditions accelerate drug release by disrupting NP interactions,
whereas alkaline conditions maintain NP stability, highlighting the suitability of these NPs for enema delivery,
where they remain stable in colonic fluid and minimize premature drug leakage.

The mucoadhesive properties of SA-PEI-DDs NPs were evaluated through ex vivo and in vivo experiments. Ex
vivo adhesion to isolated colonic mucosa was assessed by measuring reductions in the Kilo-count per second
(Kcps) of light scattering, reflecting nanoparticle adsorption to the tissue [39, 40]. As shown in Figure 6a, in
healthy colonic tissue, PEI-DDs NPs induced a greater reduction in Kcps than SA-PEI-DDs NPs (p < 0.05), likely
due to electrostatic interactions between the positively charged PEI-DDs NPs and the negatively charged normal
mucosa, enhancing adhesion. Additionally, PEI-DSP NPs showed a more pronounced Kcps decrease compared
with PEI-DSH NPs, possibly because their smaller particle size facilitated greater tissue attachment. Conversely,
in inflamed colonic tissue (Figure 6b), SA-PEI-DDs NPs demonstrated larger reductions in Kcps relative to PEI-
DDs NPs (p < 0.05), consistent with electrostatic attraction between the negatively charged nanoparticles and the
positively charged inflamed mucosa.
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Figure 6. Illustrates both ex vivo and in vivo assessments of the mucoadhesive properties of SA-PEI-DDs
NPs. Panels A and B show the adhesion of NPs to isolated colonic mucosa from healthy mice (a) and mice
with ulcerative colitis (UC) (b). Significant differences compared with PEI-DDs NPs are indicated (*p <
0.05, mean £ SD, n = 3). Panel C presents confocal laser scanning microscopy (CLSM) images of colonic
tissue following enema administration of different FITC formulations for 2 h (scale bars: 100 pm).

The in vivo adhesion of SA-PEI-DDs NPs was evaluated using FITC as a fluorescent surrogate for Dex due to its
comparable molecular weight (Mn: 389 vs 392) and charge [41, 42]. SA-PEI-FITC NPs were administered via
enema for 2 h, and the association of NPs with colonic tissue was visualized by CLSM. Figure 6c¢ shows that both
normal and UC mice receiving free FITC exhibited weak fluorescence. In normal mice, PEI-FITC NPs produced
higher fluorescence than SA-PEI-FITC NPs. In contrast, UC mice treated with SA-PEI-FITC NPs demonstrated
the strongest fluorescence among all groups. These findings indicate that negatively charged SA-PEI-FITC NPs
preferentially adhered to positively charged inflamed mucosa, enhancing nanoparticle targeting to colonic lesions
and increasing local drug concentration, consistent with the in vitro adhesion observations.

The therapeutic efficacy of the nanoparticles was further evaluated in an experimental colitis model over a 5-day
period, during which all mice survived. Body weight loss is a key indicator of UC severity. Figures 7a show that,
compared with the saline-treated control group, mice subjected to TNBS exhibited varying degrees of weight loss.
Treatment with the nanoparticle formulations reversed this trend within 2 days, demonstrating their ability to
mitigate TNBS-induced colitis. Notably, mice treated with SA-PEI-DDs NPs showed a greater recovery in body
weight than those receiving free Dex, indicating superior therapeutic effects of the nanoparticle formulations.
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Figure 7. lllustrates the therapeutic effects of SA-PEI-DDs NPs on ulcerative colitis (UC). Panel a shows the
changes in body weight of mice, panels b and c present the variations and final values of the disease activity
index (DAI) after 5 days, panel d shows colon lengths, panel e depicts myeloperoxidase (MPO) activity, and
panels F-H show the expression levels of TNF-a, IL-1p, and IL-6 in colonic tissues. Statistical significance

compared with the TNBS-treated group is indicated (**p < 0.01, mean * SD, n = 10).
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Following TNBS-induced colitis, mice exhibited typical symptoms such as bloody stools, diarrhea, reduced

activity, and weight loss within 24 hours. The DAI is a composite measure based on these parameters [35, 43,
44]. After TNBS modeling, both the TNBS-only group and all treatment groups displayed elevated DAI scores
due to these symptoms. By the second day of treatment, DAI scores in all treatment groups except the TNBS-only
group began to decrease. After 5 days, DAI values in the SA-PEI-DDs NPs groups were significantly lower than
in the TNBS group (p < 0.01) and were also lower than those of the free Dex group. Remarkably, the final DAI
scores of the SA-PEI-DDs NPs groups approached those of the normal group, indicating superior anti-
inflammatory effects compared with free glucocorticoids (Figures 7b and 7d).

At the end of the experiment, mice were sacrificed and their colons collected for measurement (Figure 7d). The
TNBS group showed significant colon shortening compared with the normal group and treatment groups. Colon
lengths in the NPs-treated groups were longer than in the free Dex group, suggesting improved protection against
colonic injury.

MPO, a heme-containing enzyme found in neutrophils and monocytes, serves as a marker of myeloid cell
infiltration and is widely used to assess inflammation severity, as its activity increases sharply under inflammatory
conditions [45-47]. Figure 7e shows that MPO activity in the TNBS group was markedly elevated compared with
the normal and treated groups (p < 0.01). Treatment with Dex or NPs significantly reduced MPO activity, with
the NPs groups showing a greater reduction than free Dex, highlighting the superior anti-inflammatory efficacy
of the nanoparticles.

Inflammatory cytokine levels also correlate with UC severity. As shown in Figures 7f~7h, TNF-a, IL-1p, and IL-
6 concentrations in colon tissue were significantly reduced in all treatment groups compared with the TNBS group.
Both NPs groups exhibited lower cytokine levels than the free Dex group, demonstrating enhanced mitigation of
inflammatory responses. Notably, SA-PEI-DSP NPs consistently showed slightly better outcomes than SA-PEI-
DSH NPs, likely due to stronger binding of DSP’s additional negative charges to PEI, which improves delivery
to the inflamed site. Additionally, the smaller particle size of SA-PEI-DSP NPs may enhance adhesion to the
inflamed mucosa, facilitating targeted delivery through the enhanced epithelial permeability and retention (eEPR)
effect.

Histopathological evaluation of the colon via H&E staining further confirmed the therapeutic effects (Figure 8).
In normal mice, the colonic mucosal barrier was intact, glands were orderly, and lamina propria showed no
inflammatory infiltration. Conversely, TNBS-induced mice exhibited disrupted mucosal barriers, edematous
submucosa, abnormal gland structure, loss of crypts, and heavy inflammatory cell infiltration. In all treatment
groups, the mucosal epithelium remained largely intact with reduced inflammation, and the histological
appearance of colons treated with SA-PEI-DDs NPs closely resembled normal tissue, demonstrating substantial
amelioration of colonic inflammation.

Normal TNBS Free Dex SA-PEI-DSH NPs SA-PEI-DSP NPs

Figure 8. presents the histological evaluation of colonic sections stained with hematoxylin and eosin (H&E).
Panels a—e show complete colon sections across different treatment groups, with scale bars of 200 um, while
panels f—j provide corresponding magnified views at 100 um. In the TNBS group, the colon exhibited
collapsed crypt structures, substantial inflammatory cell infiltration, and thickening of the intestinal wall. The
free Dex-treated group still showed notable inflammatory infiltration and wall thickening. In the SA-PEI-
DSH NPs group, partial colon regions displayed inflammation, with slight thickening of the intestinal wall.
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For the SA-PEI-DSP NPs group, only localized inflammatory cell infiltration was observed in the colon

tissue, indicating more effective protection compared with other treatments.

Conclusion

A novel mucoadhesive nanoparticle system was successfully developed. The core PEI-DDs nanoparticles were
formed through electrostatic interaction between the negatively charged Dex derivatives and the positively
charged PEI. Subsequently, an outer layer of negatively charged SA was coated via electrostatic adsorption to
form the final SA-PEI-DDs nanoparticles. The final morphology of these nanoparticles was significantly
influenced by variations in polymer concentration and pH during fabrication. The SA-PEI-DDs NPs demonstrated
excellent stability and strong adhesion to inflamed colonic mucosa, promoting Dex accumulation at colitis sites
and enhancing its therapeutic efficacy. In vivo studies of TNBS-induced experimental colitis confirmed that SA-
PEI-DDs NPs provided superior anti-inflammatory effects compared with free Dex following enema
administration. These findings indicate that mucoadhesive nanoparticles offer efficient colon-targeted delivery
and hold considerable potential as a novel nano-enema therapy for ulcerative colitis.
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