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Background: As the first-line drug to treat ulcerative colitis (UC), long-term use of glucocorticoids (GCs) produces severe toxic and
side effects. Local administration as enema can increase the local GCs concentrations and reduce systemic exposure to high oral doses
by directly delivering GCs to the inflammation site in the distal colorectum. However, UC patients are often accompanied by diarrhea,
leading to the short colonic residence time of GCs and failure to exert their function fully.

Purpose: A kind of mucoadhesive nanoparticles (NPs) loading different dexamethasone derivatives (DDs) were developed, which
could attach to the positively charged inflammatory colonic mucosa through electrostatic adsorption after administered by enema,
thereby improving the local concentration and achieving effective targeted therapy for UC.

Methods: Two DDs, dexamethasone hemisuccinate and dexamethasone phosphate, were synthesized. In NPs preparation, The core
PEI-DDs NPs were built by the electrostatic adsorption of DDs and the cationic polymer polyethyleneimine (PEI). Then, the natural
polyanionic polysaccharide sodium alginate (SA) was electronically coated around NPs to construct the final SA-PEI-DDs NPs,
followed by the in vitro stability and release tests, in vitro and in vivo colonic mucosal adhesion tests. In the in vivo anti-UC test, the
experimental colitis mice were induced by 2,4,6-trinitrobenzenesulfonic acid. The body weight and disease activity index changes
were measured, and the myeloperoxidase activity, pro-inflammatory cytokines concentration, and hematoxylin and eosin staining were
also investigated to evaluate the therapeutic effect of NPs.

Results: The structures of two DDs were demonstrated by 'H-NMR and MS. Both NPs were negatively charged and achieved high
loading efficiency of DDs, while their particle sizes were significantly different. NPs showed good stability and sustained release properties
in the simulated colonic environment. Moreover, the negative charge on the of NPs surface made them easier to adhere to the positively
charged inflammatory colonic mucosa, thereby enhancing the enrichment and retention of DDS in the colitis site. Furthermore, the NPs
exhibited better therapeutic effects than free Dex on the experimental colitis mice induced by TNBS through the enema rectal.
Conclusion: These results indicated the mucoadhesive NPs as a kind of novel nano-enema showed great potential to achieve efficient
treatment on UC.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by diffuse mucosal inflammation in the
distal colon and rectum.'? UC has a long course of the disease and is prone to recurrence, thus seriously affecting
patients’ life quality. Glucocorticoids (GCs) are the first-line drugs for patients with moderate to severe UC, which can
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inhibit the production of inflammatory mediators (such as leukotrienes, prostaglandins, etc.), cytokines [such as inter-
leukins, tumor necrosis factor-a (TNF-a), interferon, etc.] and nitric oxide (NO) by regulating gene transcription.®®
However, since GCs affect substance metabolism, long-term oral administration of GCs induces severe systemic side
effects, including endocrine disorders, cardiovascular diseases, osteoporosis, ophthalmic diseases, nervous system
diseases, gastrointestinal adverse reactions, etc.””® Therefore, targeted delivery of GCs to the colitis site improves the
local anti-inflammatory effect of GCs and reduces their systemic side effects.

Enema administration is commonly used to treat intestinal diseases.”'' Research reports that two-thirds of UC
patients with diffuse inflammation will occur in the distal colon, which needs local enema administration. Therefore,
enema administration is more conducive to exerting the effect of drugs than oral administration.'*'* The enema
formulations can deliver medications directly to the site of inflammation in the distal colorectum, thereby providing
increased local tissue drug concentrations without systemic exposure to large doses taken orally.'*'> However, patients
with UC are often accompanied by diarrhea, leading to the short residence time of drugs in the colon and the inability to
exert their therapeutic effects fully.'®'” Nano drug delivery system (NDDS) is an effective means to solve the above
problems. The loss of epithelial barrier function in inflamed colonic tissues of UC patients leads to increased mucosal
permeability, which allows the NDDS to passively target the inflamed colonic tissue through an epithelial-enhanced
permeability and retention (eEPR) effect.'®!? Besides, the colon physiological characteristics of UC patients are changed
due to the intestinal inflammation, manifested by the depletion of colonic mucosal mucus and the large amounts of
positively charged proteins accumulation in the inflammatory tissue, such as antimicrobial peptides, bactericidal/perme-
ability-increasing proteins.** > Therefore, the damaged colonic epithelial surface accumulates large amounts of positive
charges, significantly different from the negatively charged normal colonic mucosa. The NDDS with negative charges on
the surface can adhere to the inflammatory mucosa with the help of electrostatic adsorption force to reduce the drug loss
caused by diarrhea in UC patients. Hence, NDDS with specific charges shows good potential application prospects for
site-specific treatment of UC.

The treatment of UC by enema administration needs to maintain a high local GCs concentration, which requires the
drug carrier with high drug-loading efficiency.”> However, it is difficult for most nano-drug delivery systems to achieve
high loading on GCs due to their hydrophobicity.>* Preparing the water-soluble GCs derivatives by chemical modifica-
tion, combined with the oppositely charged polymers to construct nanoparticles, can achieve high GCs loading.*> This
study used a typical GC, dexamethasone (Dex), as a model drug to synthesize Dex derivatives (DDs) containing different
anionic functional groups by the esterification method. Then, the DDs and the hydrophilic cationic polymer polyethy-
leneimine (PEI) were self-assembled to construct the positively charged PEI-DDs nanoparticles (NPs). PEI is a cation-
rich polymer commonly used to deliver negatively charged nucleic acid and protein drugs.?®’ PEI has also been used as
an immune adjuvant and chelating agent for water purification.”®’ It has been reported that the cation-rich PEI can bind
to negatively charged lipopolysaccharide (LPS) and inhibit the expression of TNF-o in macrophages caused by LPS,
ultimately suppressing the inflammatory response.® PEI contains a variety of amino groups (primary amine, secondary
amine, and tertiary amine), which results in electrostatic, hydrogen bond, and hydrophobic interaction between PEI and
DDs. Therefore, the PEI and DDs can self-assemble to form NPs through these multiple noncovalent forces and realize
the efficient loading of DDs.

Sodium alginate (SA) is a polysaccharide carbohydrate sodium salt extracted from Kelp or Sargasso. It is also
a widely used natural polymer material for medicine due to its low toxicity, good biocompatibility, and degradability.*'+*
The excellent mucosal adhesion of SA makes it attach to the mucosa through the interaction between the molecular chain
and mucin and increase the viscosity of mucus.*®> In this study, to realize the adhesion to the positively charged
inflammatory colonic mucosa, the PEI-DDs NPs were further self-assembled with SA to build the final bilayer complex
NPs, SA-PEI-DDs (Scheme 1). The SA-PEI-DDs NPs can be administered directly to the inflammatory site of the distal
colorectum through enema administration. The DDs can be efficiently targeted to the affected area through the
electrostatic interaction between SA and the inflammatory mucosa, which improves the therapeutic effect by increasing
the drug concentration in the inflammatory site and effectively reduces the DDs’ systemic toxicity. This study provides

a novel idea for applying GC in UC treatment.
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Scheme | Schematic illustration of the preparation of SA-PEI-DDs nanoparticles.

Experimental Methods

Materials

Dex, 2,4,6-Trinitrobenzenesulfonic acid (TNBS), and fluorescein isothiocyanate (FITC) were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Succinic anhydride, 4-dimethylaminopyridine, pyrophosphoryl chloride, triethyla-
mine, O-Dianisidine dihydrochloride (ODD) and ethylenediaminetetraacetic acid (EDTA) were purchased from the
Aladdin Chemistry Co. Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO), ethanol, ethyl acetate, pyridine, poly-
ethyleneimine, seaweed sodium, calcium chloride, dimethyl sulfoxide, potassium dihydrogen phosphate and sodium
hydroxide were Kermel Chemical Co. Ltd. (Tianjin, China). All other reagents were analytical grade and obtained from

commercially available sources.

Animals

Male BALB/c mice (20 + 2 g) were purchased from the Laboratory Animal Center of Xi’an Jiaotong University. Mice had
ad libitum access to water and food under controlled temperature (2025 °C) and relative humidity conditions (50-60%).
They were quarantined for one week before treatment. The animal care and experimental protocols are in strict accordance
with the Guidelines of the Laboratory Animal Center of Xi’an Jiaotong University and approved by the Institutional Animal
Care and Use Committee of Xi’an Jiaotong University (No. XJTULAC 2019-068).

Synthesis of Dex Derivatives (DDs)

The DDs fabricated in this part were dexamethasone hemisuccinate (DSH) and dexamethasone phosphate (DSP), and the
synthesis routes were shown in Figure 1 and described as follows: (1) fabrication of DSH: dexamethasone (1 g, 2.55
mmol) and an appropriate amount of 4-DMAP were mixed and dissolved in dry anhydrous acetone. Succinic anhydride
(0.51 g, 5.10 mmol) was added to this mixture, followed by adding an appropriate amount of triethylamine dropwise,
sealing, and stirring at room temperature for 1 h. Then, the impurities were removed from the product solution by suction
filtration. The acetone was removed by rotary evaporation to obtain the oily and viscous products, which were then
dissolved in absolute ethanol and mixed with distilled water (60 °C) to generate the precipitates. The residue was
redissolved in anhydrous acetone, followed by heating reflux, and stood at 4 °C for 24 h to precipitate and crystallize, and
then repeatedly washed with ethanol (25%) and dried to obtain white crystalline products. (2) Fabrication of DSP:
dexamethasone (1 g, 2.55 mmol) was added to anhydrous tetrahydrofuran, followed by slowly adding pyrophosphoryl
chloride dropwise with lowering the temperature. The reaction continued for 1 h. Then the reaction solution was diluted
by adding deionized water and raising the temperature to 60 °C. A certain amount of Na,CO3; was added to the reaction
solution and continued reacting for 0.5 h. the crude products were first filtered, then precipitated by dropwise adding
hydrochloric acid. After being washed repeatedly with the hydrochloric acid solution, the final white solid powder was
obtained and dried. All the final products were characterized by the nuclear magnetic resonance hydrogen spectrum
("H-NMR Bruker, Germany) and the high-resolution mass spectrometry (MS, Thermo Scientific Q Exactive, USA).
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Figure | Synthetic schematic diagram of DSH and DSP.

Establishment of in vitro Analytical Methods for DDs

DSH or DSP (10 mg) were added to volumetric flasks (10 mL), respectively, followed by methanol to dissolve and dilute to
the final concentration of 1 mg/mL. (1) Determining detection wavelength: diluting the above DDs solution to 0.01 mg/mL.
The maximum absorption wavelength of different derivatives was determined by scanning with an ultraviolet-visible
spectrophotometer (UV-vis, UV2550, Shimadzu, Japan) in the wavelength range of 200-800 nm, which was then used as
the detection wavelength of the methodological research. (2) Development of the standard curve: preparing the methanol
solutions of the above glucocorticoid derivative (0.1 mg/mL), pipetting 0.5, 1, 1.5, 2, 2.5 mL of these solutions into a 10 mL
volumetric flask, and then diluted with methanol to 10 mL to obtain the concentrations of these DDs solutions at 0.005,
0.01,0.015, 0.02, 0.025 mg/mL, respectively. Setting the blank methanol solution as the reference solution, the absorbance
of different concentrations of DDs solutions was measured at the detection wavelength by UV-spectrophotometer. The
standard curve was obtained by plotting the absorbance of each analyte versus DDs concentration. (3) Precision and
recoveries tests: For the evaluation of precision, these different DDs samples of three different concentrations (0.005, 0.015,
and 0.025 mg/mL) were processed and detected five times within a day (intra-day) and within five days (inter-day) by a UV-
spectrophotometer for calculating RSD, respectively. To evaluate the adding sample recovery, different DDs with
concentrations of 0.005, 0.015, and 0.025 mg/mL were prepared. DDs equivalent to 80%, 100%, and 120% of the initial
content was added to these samples.>* Then, the content of DDs in each sample was detected to calculate the recovery rate.

Preparation and Characterization of SA-PEI-DDs NPs

DDs were precisely weighed (10 mg) respectively, mixed with PEI (10 mg), and then dissolved in dimethyl sulfoxide
(DMSO0). The mixed solution was added to a dialysis bag (MWCO 3.5kDa) and immersed in deionized water to make the
negatively charged DDs and positively charged PEI self-assemble to form NPs through the electrostatic interaction. The
dialysate was replaced every 6 h, and the solution in the dialysis bag was taken out after 24 h, then freeze-dried to obtain
PEI-DDs NPs. Furthermore, A certain amount of PEI-DDs NPs was added to the deionized water to form the suspension.
Then, a certain volume of SA solution with appropriate concentration was added dropwise to the suspension, followed by
stirring for 30 min at room temperature. The SA-PEI-DDs NPs were obtained after repeated washing, centrifugation, and
lyophilization. The particle size, zeta potential, and polydispersity index (PDI) of SA-PEI-DDs NPs were detected by the
dynamic light scattering (DLS, Malvern Zetasizer Naso ZS, Malvern, UK), and the morphology of SA-PEI-DDs NPs was
characterized by transmission electron microscopy (TEM, H600, Hitachi, Japan). Moreover, during the fabrication
process, the concentration of DDs, pH value, molecular weight of PEI, concentration of SA, and the feeding ratio of
SA to PEI significantly influenced the formation of NPs. Therefore, a series of single-factor experiments were performed
to explore the above factors’ influence on forming SA-PEI-DDs NPs. Furthermore, the drug-loading coefficient (DL%)
and entrapment efficiency (EE%) of DDs were calculated by the following equations, respectively:
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DL% =W/W 100%

EE% =W,/W, 100%

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

Stability and in vitro Release Behavior of SA-PEI-DDs NPs

The in vitro stability of these SA-PEI-DDs NPs was detected by the DLS. Briefly, 5 mL SA-PEI-DDs NPs solutions were
immersed in different medium solutions that simulated different environments of the gastrointestinal tract, namely
artificial gastric juice (pH 1.2), artificial small intestinal juice (pH 6.8), and artificial colon juice (pH 7.4), respectively,
and incubated for 0, 0.5, 2, 4, 8 and 12 hrs. At predetermined time intervals, solution (1 mL) was withdrawn and
monitored with DLS (Malvern Zetasizer Naso ZS, Malvern, UK) to determine the particle size changes of SA-PEI-DDs
NPs in different media.

For the in vitro release behavior study, two in vitro release experiments were set to explore and compare the differences in the
release behavior of SA-PEI-DDs NPs after oral or enema administration, respectively. For the release experiments that mimic the
release behavior of nanoparticles after oral administration, 5 mL. SA-PEI-DDs NPs solution was successively added to the
artificial gastric juice (pH 1.2) for 2 h, the artificial small intestinal juice (pH 6.8) for 4 h and the artificial colon juice (pH 7.4) for
6 h. For the experiments that mimic the release behavior of NPs after enema administration, SmL SA-PEI-DDs NPs solution was
only added to the artificial colon juice (pH 7.4) for 12h. In the two experiments, aliquots (1 mL) were withdrawn and replenished
with an equal volume of fresh medium at predetermined time intervals. The samples were determined by the in vitro analytical
methods for DDs in Preparation and Characterization of SA-PEI-DDs NPs to calculate the cumulative release rate of different
DDs in NPs. All samples in release experiments were tested in triplicate in the above released experiments. The results at each
time point were the relative value and the ratio of the tested value to the initial value.

Adhesion of SA-PEI-DDs NPs to the Isolated Colonic Mucosa

In this part, the adhesion of NPs to the isolated mouse colonic mucosa (normal mucosa and colonic inflammation
mucosa) was investigated by examining the changes in the number of NPs in the solution after the incubation of isolated
mouse colon tissue with different SA-PEI-DDs NPs solutions. The particle size and count rate (Kilo-count per second,
Kcps) was selected as the investigation index detected by DLS (Malvern Zetasizer Naso ZS, Malvern, UK). The
suspensions of PEI-DDs NPs and SA-PEI-DDs NPs based on different DDs were prepared, and their Kcps values
were first determined. Then, the mice experimental colitis model was induced by the 2,4,6-trinitrobenzenesulfonic acid
(TNBS). The specific method was as follows: mice were anesthetized with ether before induction of colitis after 12 h of
fasting. 50% (v/v) ethanol (0.1 mL) which contained TNBS (2.5%, v/v) was instilled into the colon 3.5—4.0 cm from the
anus by a gavage needle. Mice were kept in a head-down position for 30s to prevent the leakage of the intracolonic
instillation.*® After 12 h, the experimental colitis model mice were sacrificed to collect their colons. Colons were
repeatedly washed with normal saline and then cut into small pieces with a length of 3 cm and longitudinal dissection.
These issues were put into the PEI-DDs NPs and SA-PEI-DDs NPs suspensions of different DDs (0.5 mL) and incubated
at 37 °C in the dark for 2 h. Then, the incubation solutions were taken out to measure the Kcps values, which were
compared with the Kcps values determined by the NPs before incubation to calculate the percentage decrease in Kcps
value to evaluate the adhesion of PEI-DDs NPs and SA-PEI-DDs NPs to the different isolated colonic mucosa. In this
experiment, normal saline was also used instead of TNBS for modeling to establish a healthy mice control group. The
treatment method was the same as that of the TNBS-induced experimental colitis model group.

In vivo Test of the Adhesion of SA-PEI-DDs NPs to the Colonic Mucosa

This part used fluorescein isothiocyanate (FITC) instead of DDs to co-construct SA-PEI-FITC NPs with PEI and SA. The
specific preparation method was the same as that in Animals. Then, the experimental colitis model mice were induced by
the TNBS, and the method was the same as in Stability and in vitro Release Behavior of SA-PEI-DDs NPs. The
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experimental colitis model mice were fasted for 12 h and kept drinking water normally before the experiment. Then,
FITC solution, PEI-FITC NPs solution, and SA-PEI-FITC NPs solution (1 mL) were administered by enema, respec-
tively. The mice were sacrificed after 2 h, and the colons were taken out, longitudinally dissected, washed repeatedly with
normal saline, and then spread on a glass slide. The confocal laser scanning microscope (CLSM, Leica TCS SP8,
Germany) was used to observe the fluorescence intensity in the colon tissue of the mice. In this experiment, normal saline
was also used instead of TNBS for modeling to establish a healthy mice control group. The treatment method was the
same as that of the TNBS-induced experimental colitis model group.

Ameliorative Effects of SA-PEI-DDs NPs on Experimental Colitis

The mice experimental colitis model was induced according to the procedure in Stability and in vitro Release Behavior of
SA-PEI-DDs NPs. Mice in the control group received normal saline instead of TNBS solution. The mice were randomly
divided into 6 groups: (1) control-no colitis induced (enema normal saline, n=10), (2) TNBS (n=10), (3) TNBS+Dex
(enema normal saline, 70 pg/kg Dex, n=10), (4) TNBS+SA-PEI-DSH NPs (enema 70 pg/kg according to the concentration
of DSH, n=10). (5§) TNBS+SA-PEI-DSP NPs (enema 70 pg/kg according to the concentration of DSP, n=10). The treatment
was given after the induction of colitis for 12 h. During the experiment, the body weight changes of the mice in each group
were recorded. The mice’s feces were collected daily, followed by observing the characteristics of feces and measuring the
fecal occult blood. The above data were aggregated to measure the disease activity index (DAI). The experiment was
continued for 5 days, and the number of final surviving mice was recorded at the end of the experiment to calculate the final
survival rate. Then, all of the mice in the respective groups were sacrificed, and the distal colons were taken out to measure
their length. Next, the colon tissue was cut longitudinally along the mesentery and rinsed with ice-cold saline to remove the
feces. The treated colon tissue was divided into two parts: one was employed in the myeloperoxidase (MPO) activity test
after the homogenization, and the other was used for histopathological observation after being fixed with paraformalde-
hyde, embedded in paraffin sectioned, and stained with hematoxylin and eosin (H&E).

For DAI measurement, a small amount of feces was smeared on the white plate. 2—3 drops of o-tolidine (10 g/L)
dissolved in glacial acetic acid were dripped into the feces and blended evenly, followed by adding 2—-3 drops of 3%
H,0, solution, timing as well as observing the results immediately. The evaluation criteria of fecal occult blood level are
shown in Table 1. Moreover, the fecal occult blood index was combined with body weight change and fecal character to
calculate the DAI score, whose scoring standard was manifested in Table 2. The weighted tissue samples were
homogenized in ten volumes of ice-cold phosphate buffer (50 mM K,HPO,, pH 6.0) for the MPO activity detection,
containing 0.5% (w/v) HTAB. The homogenate was centrifuged at 10,000 rpm for 10min at 4 °C to discard the
supernatant. The precipitate was homogenized with an equivalent volume of 50 mM K,HPO, containing 0.5% (w/v)
HTAB and 10 mM EDTA. The hydrogen-peroxide-dependent oxidation of o-dianisidine dihydrochloride (ODD) was
measured to assess the MPO activity. One enzyme unit was defined as the amount of enzyme-producing one absorbance
change per minute at 460 nm (37 °C). The enzyme activity was calculated as U/g tissue. The concentrations of pro-
inflammatory cytokines, TNF-a, IL-6, and IL-1B, were determined from the homogenates using enzyme-linked immu-
noassay (ELISA) kits (Beyotime Biotechnology Co. Ltd, Shanghai, China), following the manufacturer’s instructions.

Table | The Assay Criteria of o-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 |0s
Occult blood++ Blue or blue-green appears after adding reagent for 5-20s
Occult blood+++ Dark blue appears immediately after the reagent is added
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Table 2 Disease Activity Index Scoring Criteria

Weight Loss | Character of Faeces Occult Blood Score
<0% Normal Normal 0
1-5% Loose Occult blood+ |
5-10% Occult blood++ 2
10-15% Diarrhea Occult blood+++ 3
>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 the Establishment of in vitro Analytical Methods for DDs

GCs have powerful anti-inflammatory effects and can treat UC by exerting the following functions: (1) Reducing
capillary permeability to relieve inflammatory edema and exudation. (2) Binding to activated glucocorticoid receptors
reduces the generation of pro-inflammatory factors by inhibiting NF-«B activity. (3) Reducing the generation of
leukotrienes and prostaglandins by increasing lipocortin synthesis and inhibiting cyclooxygenase expression. (4)
Regulating inflammation-related genes to inhibit cytokine storm production. (5) Reduces the inflammatory response by
decreasing the accumulation of neutrophils and macrophages in the inflammatory area. However, long-term oral
administration of GCs produces many systemic toxic and side effects. Therefore, it is necessary to concentrate GCs
on the inflammatory colon site to improve the local treatment effect and reduce the systemic response. Some researchers
have used low-dose GCs enema administration in the treatment process and achieved good results. This study
synthesized two Dex derivatives, DSH (with carboxylate group) and DSP (with phosphate group), through esterification
to construct a nano-drug delivery system with the adhesion effect of inflammatory mucosa to further improve the
enrichment and retention time of dexamethasone (Dex) in the mucosa of colitis and improve the therapeutic effect.

The Dex was reacted with succinic anhydride and pyrophosphoryl chloride through an esterification reaction to construct
DSH and DSP. The obtained products were characterized by 'H-NMR and high-resolution MS. Figure 2A showed the
"H-NMR spectrum of DSH: 'H-NMR (600MHz, DMSO-dg, &: ppm): 0.886 (d, 3H, C4-H), 1.030 (s, 3H, C,s-H), 1.614 (s,
3H, Ci9-H), 2.744 (m, 4H, C,,-H, Cy3-H), 6.103 (s, 1H, C4-H), 6.034 (d, 1H, C,-H), 7.427 (d, 1H, C,-H). The MS results
showed that the protonated molecular ion ([M+H]") peak was at 493.2. Figure 2B showed the 'H-NMR spectrum of DSP:
"H-NMR (600 MHz, DMSO-dg, 8: ppm): 0.762 (m, 3H, C;5-H), 1.365 (d, 3H, C,,-H), 2.200 (m, 3H, C;-H3), 2.502 (s, 1H,
Ci6-H), 5.108 (s, 1H, C4-H), 5.407 (m, 1H, C,-H), 5.562 (m, 1H, C;- H). The MS results showed that the peak of the
protonated molecular ion ((M+H]") was 463.2. These results all demonstrated the successful synthesis of these DDs.

In establishing in vitro analytical methods for DDs, their maximum absorption wavelengths detected by UV-vis
spectra analysis were 241 nm (Figure S1). The linear relationships within the 0.005-0.025 mg/mL range were found
between peak areas of each DAD concentration and theoretical concentrations (Figure S2). For precision detection, the
intra- and inter-day RSD of the Dex derivative was less than 15% in three concentrations. For recovery detection, the
adding sample recovery of different Dex derivative concentrations ranged from 99.64% to 100.71%, and no noticeable
difference occurred among the three concentrations (Tables S1 and S2). These results indicated that the reproducibility
and recovery were acceptable over the studied concentration range.

Preparation and Characterization of SA-PEI-DDs NPs

The self-assembled mucoadhesive NPs are formed by the spontaneous combination of hydrophilic or amphiphilic
polymers under multiple noncovalent forces (electrostatic force, van der Waals force, hydrogen bond, hydrophobic
force, m-7 stacking, etc.), which enable the systems’ stable structure and good thermodynamic stability.**>® The systems’
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Figure 2 'H-NMR spectrum of DSH (A) and DSP (B).

preparation method is simple and can achieve high drug-loading efficiency. Therefore, this study first used the hydro-
phobic Dex to react with acidic anhydrides and acid chlorides to obtain the DDs with good water solubility and negative
charges. Then, the DDs and the cationic polymer, PEI, were self-assembled to form the PEI-DDs NPs through
electrostatic force. PEI-DDs NPs were finally encapsulated with the natural polyanionic polysaccharide, SA, to obtain
SA-PEI-DDs NPs with surface charge inversion.

During the fabrication process, multiple factors significantly affected the final particle size, potential, and dispersi-
bility of SA-PEI-DDs NPs. The influences of Dex derivatives’ concentration, pH value, and PEI molecular weight on the
PEI-DDs NPs are shown in Figure 3 and Tables S3—S5. From Figure 3A and B, and Table S3, the particle size, Zeta
potential, and PDI all showed continuous decrease trends in different DDs groups as their concentration increased,
mainly due to the significant increase of the negative charge in the solution with the increase of the DDs’ concentration.
In addition, the hydrophobic interactions and hydrogen bonding forces caused by the Dex structure itself and its hydroxyl
groups respectively further aggravated the electrostatic interaction between the DDs and the positively charged PEI,
thereby rapidly forming nanostructures and reducing the mutual aggregation of PEIL resulting in a decrease in particle
size and Zeta potential. Figure 3C and D and Table S4 showed that the smallest particle sizes appeared at the neutral pH
value (pH 7) but increased at acidic and alkaline pH values, indicating that both hydrogen ions (H") and hydroxyl ions
(OH") could affect the electrostatic coupling between DDs and PEI increase particle size. Moreover, the growth of the
negative charge in the solution also affected the Zeta potential and dispersibility of PEI-GC NPs. It was worth noting that
the particle sizes of PEI-DSP NPs were significantly smaller than that of PEI-DSH NPs in the two situations, which
might be because the DSP, as a kind of phosphate, is more negatively charged than DSH (the Dex carboxylate), leading
to the stronger electrostatic adsorption between DSP and PEI, and forming the denser and smaller nanostructure. The
effect of PEI molecular weight on the fabrication of PEI-GC NPs is shown in Table S5. Results showed that the particle
size of NPs formed by low molecular weight PEI (Mn=1800) and DDs was significantly larger than that of high
molecular weight PEI (Mn=25,000). It might be due to the fewer amino groups in the low molecular weight PEI that
results in the weak electrostatic force between PEI and DDs. However, the high molecular weight PEI could interact with
DDs through more amino groups in its structure and fabricate the structurally strong NPs.

SA is one of the main components for the construction of final NPs. Its concentration plays an essential role in the
surface charge reversal of SA-PEI-DDs NPs and the realization of inflammatory mucosal adhesion. Besides, the feeding
ratio (mass ratio) of SA to PEI also affects the morphology, potential, and dispersion of the final NPs. From Tables S6
and S7, the particle sizes of all SA-PEI-DDs NPs increased with SA concentration, and the same situation also occurred
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Figure 3 Effects of concentration and pH changes of Dex anion derivatives (DDs) on preparing PEI-DDs NPs. (A and B). Effects of concentration changes of DSH (A) and
DSP (B) on the particle sizes, Zeta potential, and PDI of PEI-DSH and PEI-DSP NPs. (C and D). Effects of pH values on particle size, potential, and PDI of PEI-DSH NPs (C)
and PEI-DSP NPs (D) (Mean + SD, n = 3).

in the verification test of the feed ratio (mass ratio) of SA and PEI, indicating that as a high molecular anionic
polysaccharide, the electrostatic adsorption of SA with cationic polymers increases with the increase of SA concentration
and its concentration ratio in the total system. It was worth noting that the precipitation occurred when the SA
concentration was 2 mg/mL and the feeding ratio of SA to PEI was 0.5:1, which might be because that excessive SA
rapidly agglomerates with PEI through electrostatic adsorption to result in precipitation, and the NPs formed by DSH had
a larger particle size and further increased to generate precipitation after mixing with SA. The above results show that SA
could be adsorbed on the surface of PEI-DDs NPs by electrostatic force, which caused the increase in particle size and
reversed the surface charge of the PEI-DDs NPs to form negatively charged SA-PEI-DDs NPs. Therefore, the optimal
preparation formula of SA-PEI-DDs NPs was as follows: PEI molecular weight 25,000, pH 7, the concentrations of Dex
derivative and SA were concentrated at 20 mg/mL, and 1 mg/mL, respectively, and the feed ratio of SA to PEI was 1:1.
The characterization data of the final NPs prepared by the optimized process were shown in Table 3, and the TEM
characterization results are shown in Figure 4. These results indicated that the particle size of final NPs increased
significantly after SA coating. Since the electrostatic adsorption between DSP and PEI was stronger than that of DSH, the
formed PEI-DSP and SA-PEI-DSP NPs were smaller than the latter. Besides, the final SA-PEI-DDs NPs were powerfully
negatively charged and achieved high-efficiency loading on DDs (the drug-loading coefficients were more significant
than 15%), thus promoting their adhesion to positively charged colonic inflammatory mucosa and improving the
therapeutic effect by increasing the absorption of Dex at the colonic inflammatory site.

Stability and in vitro Release Behavior Study

The in vitro stability investigation of SA-PEI-DSH and SA-PEI-DSP NPs was shown in Figure 5A and B. The particle
size changes of these SA-PEI-DDs NPs in different media solutions simulating the gastrointestinal tract environment
showed similar laws, namely that the particle size of NPs increased the most in the artificial gastric juice, then slowed
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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
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

down in artificial intestinal juice and exhibited the smallest increase in the artificial colonic fluid. These results indicated
that under strongly acidic conditions (pH 1.2), many protons generated electrostatic attraction with the negatively-
charged SA on the surface of SA-PEI-DDs NPs. Moreover, protons also penetrated the NPs and caused electrostatic
repulsion with PEI, which destroyed the multiple noncovalent forces (such as electrostatic force, hydrogen bond force,
etc.) among DDs, PEI, and SA and resulted in the structural destruction of self-assembled NPs, finally leading to the
significant increase of the particle sizes. However, the influence of protons on SA-PEI-DDs NPs gradually weakened
with the rise of the pH value, resulting in slower growth in particle size. Under weak alkaline conditions (pH 7.4), the
electrostatic repulsion between negatively charged hydroxyl ions and SA on the surface of NPs made them maintain
structural integrity. Moreover, the hydroxyl ions with low concentration showed weak effects on the multiple noncovalent
forces among the internal components of SA-PEI-DDs NPs, manifesting as a slight increase in particle sizes. It was
worth noting that the particle size increase of SA-PEI-DSP NPs was smaller than that of SA-PEI-DSH NPs under acidic
conditions, which was due to the DSPs carrying more negative charges, resulting in a more potent electrostatic force
between it and the PEI, finally leading to the more stable NPs under acidic conditions.

The in vitro release results of different SA-PEI-DDs NPs are shown in Figure 5C and D. In the release
experiment simulating oral administration conditions (Figure 5C), these SA-PEI-DDs NPs showed a burst release
in the acidic environment of the simulated upper gastrointestinal tract, releasing large amounts of DDs. The
cumulative release rate of SA-PEI-DSP NPs at each time point was lower than that of SA-PEI-DSH NPs, which
might also be due to the stronger electrostatic force between DSP and PEI, making the NPs degrade more slowly

Figure 4 TEM images of PEI-DDs NPs. (A and E). PEI-DSH NPs. (B and F). PEI-DSP NPs. (C and G). SA-PEI-DSH NPs. (D and H). SA-PEI-DSP NPs. The sizes of TEM
images: (A and B), scale bars: 100 nm; (C and D), scale bars: 200 nm; (E and F), scale bars: 50 nm; (G and H), scale bars: 100 nm.
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Figure 5 Stability and in vitro release behavior study. (A and B). Effect of the media solutions with different pH values on the particle size changes of different SA-PEI-DSH
NPs (A) and SA-PEI-DSP NPs (B). (C). The in vitro release behavior of SA-PEI-DDs NPs in a release medium with different pH values. The experiment was successively
conducted at pH 1.2 (from 0 to 2 h), pH 6.8 (from 3 to 6 h), and pH 7.4 (from 7 to 10 h). (D). The in vitro release behavior of SA-PEI-DDs NPs in a release medium of pH
7.4 for 12 h (mean % SD, n = 3).

and resulting in minor DSP release. In the release experiment simulating enema administration (Figure 5D), the
cumulative release rate of the two NPs media increased slowly, and the final cumulative release rate was about 40%.
These results indicated that the solution pH significantly affected the stability and release behavior of SA-PEI-DDs
NPs. At low pH, the protons could accelerate the release of DDs by affecting the composition and structure of NPs.
However, in the high pH environment, the hydroxyl ions with the same surface charge as the NPs showed little
effect on SA-PEI-DDs NPs, making them stable for a long time. Therefore, this type of NPs was more suitable for
enema administration and remained stable in the alkaline colonic fluid environment before reaching the colonic

inflammatory mucosa after administration, reducing the probability of early drug leakage.

The Mucoadhesion Study of SA-PEI-DDs NPs

This part used ex vivo and in vivo experiments to investigate the adhesion ability of SA-PEI-DDs NPs to colonic mucosa
under physiological or pathological conditions. The adhesion of SA-PEI-DDs NPs to the isolated colonic mucosa was
evaluated by the reduction of Kcps upon incubation with colon tissues from normal and colitis mice, respectively. Keps is
the intensity of the light scattering signal measured in count/s, which could be used for assessing the degree of adsorption
of SA-PEI-DDs NPs in isolated colonic tissue.>**® Figure 6A showed the Kcps value variations of PEI-DDs NPs and
SA-PEI-DDs NPs in the colonic mucosa of healthy mice. The PEI-DDs NPs treated groups showed a greater reduced
Kcps compared with that of the SA-PEI-DDs NPs treated groups (p < 0.05), which was due to the electrostatic adsorption
of the positively charged PEI-DDs NPs on the surface of the negatively charged normal colon tissue mucosa, resulting in
more NPs adhering to the mucosa. Moreover, The Kcps value of the PEI-DSP NPs treated group decreased significantly
than that of the PEI-DSH NPs treated group, which might be because the particle size of the PEI-DSP NPs was smaller
than that of the PEI-DSH NPs, thus making more PEI-DSP NPs adhered to the colon tissue under the same conditions.
The results from Figure 6B showed the opposite results from Figure 6A, namely that the SA-PEI-DDs NPs treated groups
exerted more significant Keps values reductions compared with that of the PEI-DDs NPs treated groups (p < 0.05), which
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Figure 6 The ex vivo and in vivo mucoadhesion studies of SA-PEI-DDs NPs. (A and B). The adhesion of isolated colonic mucosa by using colon tissue from Healthy mice
(A) and mice with UC (B). *p < 0.05: significantly different from the PEI-DDs NPs treated group, mean # SD, n = 3. (C). The CLSM images of colon tissue after mice were
given different FITC preparations by enema administration for 2 h (scale bars: 100 um).

was mainly because the positively charged inflamed colon tissue mucosa could adsorb more negatively charged SA-PEI-
DDs NPs to its surface through the electrostatic adsorption.

Furthermore, the in vivo adhesion of SA-PEI-DDs NPs to the colonic mucosa was investigated using the fluorescent
molecules, FITC, instead of DDs to construct the SA-PEI-FITC NPs and detected by CLSM since FITC has a similar
molecular weight (Mn:389) and charge to Dex (Mn: 392).4142 After enema administration of FITC solution or
fluorescent NPs for 2 h, the amount of FITC-loaded NPs associated with the colon of mice was observed by CLSM.
The intensity of green fluorescence in normal and inflamed colon tissues is shown in Figure 6C. Normal and UC mice
receiving FITC solution show weak fluorescence in the colon. Normal mice treated with PEI-FITC-NPs solution showed
higher green fluorescence intensity than those receiving SA-PEI-FITC-NPs. However, the UC mice that received SA-PEI
-FITC-NPs exhibited the highest fluorescence intensity than other groups. The results confirm that the negatively charged
SA-PEI-FITC-NPs could enhance the adhesion to inflamed mucosa with positive charges through the enema adminis-
tration, thereby improving the targeting of nanoparticles to the site of colon inflammation and further increasing local
drug concentration in inflamed tissues, which was consistent with the in vitro adhesion results.

Anti-Inflammatory Effects of NPs

The anti-experimental colitis experiment lasted for 5 days and all mice survived at the end of the experiment. The weight loss
degree in mice is one of the critical indicators for assessing the severity of UC. From Figures 7A and S3A, compared with the
normal saline-treated group, the body weights of the other groups of mice after TNBS modeling showed decreasing trends to
varying degrees. However, the weight-loss trend of the mice in each treatment group was reversed after 2 days of treatment,
indicating that these therapeutic formulations inhibited TNBS-induced colitis. It was worth noting that the final body weight
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Figure 7 The anti-ulcerative colitis effects of SA-PEI-DDs NPs. (A). The influence of SA-PEI-DDs NPs on the body weight changes of mice. (B) and (C). The influence of
SA-PEI-DDs NPs on the variation of DAI index of mice (B) and the ultimate DAI index (on the 5th day) of mice treated with different Dex preparations (C). (D). The colon
length of mice in each group after the experiment. E. The influence of SA-PEI-DDs NPs on MPO activity in the colon tissue of mice. (F-H). Effects of SA-PEI-DDs NPs on
the expression of TNF-a (F) and IL-1 B (G) and IL-6 (H) in mouse colon tissue. **p < 0.01: significantly different from the TNPS-treated group, mean + SD, n = 10.

recovery of mice treated with different SA-PEI-DDs was much higher than that of the free Dex-treated group, indicating the
better effects of NPs than free Dex.

Once inducing the experimental colitis, the mice appeared with some conditions, including bloody stools, diarrhea,
reduced activity, and weight loss after 24 h. DAI is the aggregated indicator after a quantitative analysis of these
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conditions.>>**** After being modeled by TNBS, the mice of the TNBS group and other therapy groups developed the
conditions like bloody stools, diarrhea, decreased activity, and weight loss, and their DAI significantly increased. On
2nd day of treatment, The DAI index of other treatment groups except the TNBS group has shown a downward trend.
After 5 days of treatment, the DAI index of all treatment groups was significantly decreased compared with the TNBS
group (p < 0.01), and the DAIs of these SA-PEI-DDs groups decreased more than that of the free Dex group, whose final
DAI values were almost the same as that of the normal group, indicating that SA-PEI-DDs achieved better anti-
inflammatory effect than the free GCs (Figure 7B and D and S3B). The mice were sacrificed on the last day of therapy,
and the colons were taken out to measure their length, as shown in Figure 7D. Compared with the normal group and each
treatment group, the colon length of the TNBS group was significantly shortened. Besides, the colon lengths in the NPs
treated groups were more prolonged than in the free Dex group.

MPO is a heme protease with the prosthetic group of heme, which belong to the heme peroxidase superfamily. MPO
is present in the aniline blue granules of myeloid cells (eg, neutrophils and monocytes) and is the marker of myeloid
cells.*> Therefore, MPO activity is often used as one of the essential indicators to evaluate inflammation degree since
MPO activity increases sharply and is released into the extracellular fluid under the inflammatory state.***” As shown in
Figure 7E, the MPO activity of mice in the TNBS group was significantly higher than that in the normal group and all
treatment groups (p < 0.01), indicating the significant development of inflammation after the TNBS induction. However,
after the treatment with different preparations, the MPO activity of each treatment group decreased, and their decrease
degrees were more substantial than that in the free Dex group, indicating that the inflammation relief degree by NPs was
better than that of the Dex. The UC severity is also related to the number of inflammatory cytokines. As shown in
Figure 7F-H, the levels of the proinflammatory cytokine TNF-a, IL-1B, and IL-6, in the colon tissues of the three
treatment groups were significantly decreased compared with the TNBS group. These indicators of the two NPs groups
were lower than that of the free Dex group under the same dose conditions, indicating the excellent improvement of NPs
on inflammation. It is noteworthy that in the above treatment indices, the parameters of the SA-PEI-DSP NPs treated
group were always slightly better than those of the SA-PEI-DSH NPs treated group, which might be related to the tight
binding of DSP with more negative charges to PEI, making more DSP be transported to the inflammation site after enema
administration. In addition, the particle size of SA-PEI-DSP NPs was smaller than that of SA-PEI-DSH NPs, which can
adhere more to the colitic mucosa under the same conditions, thereby targeting the inflammatory colon tissue through the
eEPR effect to achieve the therapeutic effect.

The colon histopathological changes were observed by H&E staining further to evaluate the severity of UC in each
group. As shown in Figure 8, the colonic mucosal epithelial barrier was complete and continuous in the normal group.
The glands were regularly arranged, and there was no inflammatory cell infiltration in the lamina propria. On the
contrary, the colonic mucosal barrier of the TNBS group was destroyed, together with edematous submucosa, structurally

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

Figure 8 Histological sections of the colon stained with hematoxylin and eosin (HE). (A-E). Complete colon sections in different treatment groups, scale bars: 200 um.
(F-J). Local magnified view of colon sections in different treatment groups, corresponding to figure (A-E), respectively, scale bars: 100 um. The area indicated by the
arrow: TNBS group: the colon crypt structures are collapsed with significant inflammatory cell infiltration, and the intestinal wall is significantly thickened; Free Dex
group: significant inflammatory cell infiltration appeared in colon tissues with the thickened intestinal wall; SA-PEI-DSH NPs group: the intestinal wall is thickened and
partial colon tissues showed inflammatory cell infiltration; SA-PEI-DSP NPs group: local colon tissues showed inflammatory cell infiltration.
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abnormal glands, and disappeared crypt structures, accompanied by a large number of inflammatory cell infiltration. Each
treatment group’s colonic mucosal epithelial structure was intact, with decreased inflammatory cell infiltration in lamina
propria. The colonic histology and morphology of mice treated with SA-PEI-DDs NPs were almost the same as those in
the normal group, indicating that the inflammation degree of mice in each group treated was significantly reduced after
being treated with SA-PEI-DDs NPs.

Conclusion

To summarize, we have constructed a kind of mucoadhesive NPs. The core PEI-DDs NPs were built by the electrostatic
adsorption of the DDs and the PEI. Then, the SA was electrostatically coated around the core NPs to construct the final
SA-PEI-DDs NPs. The changes in material concentration and pH during the fabrication process significantly affected the
morphology of final NPs. The SA-PEI-DDs NPs showed good stability and adhesion of colitis mucosa in the colon
environment, which is conducive to the enrichment of Dex in the colitis sites and enhances the therapeutic effect of Dex.
The in vivo anti-UC studies revealed that the SA-PEI-DDs NPs exhibited a better therapeutic effect than free Dex on the
experimental colitis mice induced TNBS through enema administration. The above results indicated that mucoadhesive
NPs could achieve highly effective colon targeting by enema administration, which also had great potential as a novel
nano-enema for treating UC.
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