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Background: Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) of unknown aetiology affecting the colon and
rectum. Pterostilbene (PS) has been reported as an effective antioxidant and anti-inflammatory agent in preclinical IBD models.
However, the therapeutic outcomes of PS are limited by potential side effects associated with the systemic exposure and the modest
bioavailability afforded by its oral administration. These issues can be improved with the use of intelligent responsive nanoparticles
with the ability of lysosome escape, given their high drug delivery capacity and reducing the side effects.

Materials and Methods: Herein, the hyaluronic acid (HA)-modified L-arginine CO, nanoparticles (HA-L-Arg-CO,@NPs) loaded
with PS (HA-PS@NPs) are constructed. Under lysosomal pH conditions, HA-PS@NPs liberate CO, and generate a pH-activated
nano-bomb effect to augment the cytosolic delivery of PS.

Results: HA-L-Arg-CO,@NPs show great biocompatibility and the excellent ability to target the colon. Using lipopolysaccharide-
induced inflammation in vitro, the prominent anti-inflammatory effect of HA-L-Arg-CO,@NPs and HA-PS@NPs is observed. Further,
orally administered HA-L-Arg-CO,@NPs and HA-PS@NPs via the colon-targeted chitosan/alginate (CA) hydrogel downregulate pro-
inflammatory cytokines and reduce intestinal permeability, yielding significant outcomes in alleviating the symptoms of UC.
Conclusion: This pH-activated “nano-bomb” carrier with therapeutic effect can be exploited as efficient oral drug carriers for UC
treatment.
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Introduction

Ulcerative colitis (UC), a subcategory of inflammatory bowel disease (IBD), is a chronic idiopathic intestinal inflam-
matory disease with unknown etiology. The continuous diffuse inflammation and damage in the colon is a distinguishing
feature of UC." There is evidence that UC is mainly characterized by the imbalance of T helper (Th)17 and regulatory T
(Treg) cells dominated T lymphocyte response, and mucosa cytokine (TNF-a, IL-6, IL-1B) responses resulted in diffuse
atrophic changes in crypts and the mucosal layer. The goal of clinical treatment is first to induce remission and then
maintain a corticosteroid-free remission.*> Commonly used drugs in clinical, including 5-aminosalicylic acid, corticos-
teroids, immunosuppressive drugs, and biological agents, are mainly limited to the relief of long-term symptoms and side
effects due to insufficient targeting ability, which seriously reduces the quality of life of patients.®® Therefore, there is a
great need for targeted delivery systems, which can localize the drugs in the inflamed colon with minimum systemic
distribution and side effects.
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Nowadays, nanoparticles have been increasingly used as drug carriers and diagnostic or therapeutic agents in
medicine.”'" However, the typically uptake of the nanoparticles-based delivery systems into cells is via endocytosis
into endo/lysosomes and then subsequently trafficked into acidic lysosomal compartments, while the environment of
lysosome results in significant degradation of the therapeutic cargo.'? This significantly reduces the efficiency of drug
delivery. The pH-responsive nano-bomb delivery system could mitigate the degradation of enzymes in lysosomes and
significantly improve the efficiency of drugs to cytoplasm. However, the synthesis of agents with nano-bomb effect as

13:14 metal—phenolic networks,'® or cell-penetrating peptides (CPPs),'¢ is

previously reported, such as chitosan-guanidine,
complex and highly costly, and it has no therapeutic effect on inflammation. Therefore, novel, simple, economical, and
mass-produce nano-bomb systems need to be designed.

L-arginine (L-Arg) is a semi-essential amino acid, and most importantly, it contains natural guanidine groups,
which are the natural requisite with bomb effect. Guanidine group adsorbs CO, in neutral pH conditions and release
CO, in lysosome acidic pH conditions, so that the emitted CO, can break lysosomes into leakage payloads.
Furthermore, there is evidence that L-Arg metabolism plays an important regulatory role and could be used as
adjunctive therapy in colitis.'” 2" Pterostilbene (3,5-dimethoxy-4’-hydroxystilbene) (PS), a dimethyl ester analog of
resveratrol, has anti-inflammatory and antioxidative effects as well as alters cell proliferation.”> Multiple evidence
showed that PS significantly attenuated visible damage and histological injury in ulcerative colitis (UC) animals via
inhibition of NF-kB and activation of PPAR-y. >

In this work, we aimed to construct an HA-modified L-Arg-based pH-activated nano-bomb system loaded with PS
(HA-PS@NPs) for the treatment of UC. Firstly, we synthesized hyaluronic acid (HA) modified “nano-bomb effect” NPs
(HA-L-Arg-CO,@NPs) loaded with Pterostilbene (PS) (HA-PS@NPs). For surviving in the harsh gastrointestinal
environment and targeting to colon, HA-PS@NPs were loaded in chitosan/alginate (CA) hydrogel for site-specific oral
delivery to the inflamed colon via CD44-involved endocytosis (Figure 1). The chitosan/alginate (CA) hydrogel is based
on the association of two polysaccharides, alginate and chitosan, which is usually employed as a carrier for colon-specific
drug delivery. Alginate and chitosan form gels that chelate with a calcium or sulfate solution, respectively.”* 2’ And the
chitosan also has therapeutic effects on inflammatory cells in the colon.”® L-Arginine-CO, (L-Arg-CO,) loaded in NPs
was supposed to release CO, under lysosomal pH to produce the “nano-bomb effect”, which triggered L-Arg and PS
lysosomal escape. The released L-Arg and PS alleviated colonic inflammation by downregulating the expression of pro-
inflammatory cytokines and the production of ROS. These results will have great potential to provide a new drug carrier
for UC therapy.

Methods
Synthesizing of the NPs with “Nano-Bomb” Effect

NPs were synthesized using a double-emulsion technique with the slight modification described in our previous
work.?*! PLGA (36 mg) and PLGA-PEG-Mal (4 mg) with the ratio of 9:1, DPPC (10 mg), and Pterostilbene (5
mg) were dissolved in 2 mL of dichloromethane (DCM) (organic phase). To capture CO,, L-Arginine-CO, (L-Arg-
CO,) was made by bubbling the aqueous L-Arginine solution for 1 h with CO,. L-Arginine or L-Arg-CO, (30 mg/mL)
were dissolved in 400 pL of DI water (aqueous phase). The organic phase and aqueous phase solutions were then
transferred into a centrifuge tube (50 mL) for ultrasonic emulsification with a Branson 550 sonicator under the
condition of 20% power for 1 min. Then, 4 mL of PVA solution (2.5%) was added into the emulsion and was further
emulsified for 2 min over an ice bath. After rotary evaporation to remove DCM, the emulsion was further stirred at
room temperature for 3 h. Finally, NPs were recovered by centrifugation (15,000 rpm, 15 min, at 4°C) and washed
with DI water for three times.

To prepare hyaluronic acid (HA) modified NPs, the synthesized NPs and sulfhydryl modified hyaluronic acid were
mixed and stirred overnight at room temperature and then lyophilized to obtain hyaluronic acid NPs (HA NPs). DiL, DiR
or DiO loaded HA NPs were handled in the same procedures.
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Figure | Schematic illustration of orally targeted delivery of L-Arginine based pH-activated “nano-bomb” carrier in hydrogel for site-specific treatment of ulcerative colitis.
(A) PS-L-Arg-CO,@NPs (NPs) with pH-activated “nano-bomb effect” were fabricated by double-emulsion technique. Then, the nanoparticles were linked with hyaluronic
acid (HA) to endow their active targeting ability (HA-PS-L-Arg-CO,@NPs, HA-PS@NPs). (B) HA-PS@NPs were loaded in chitosan/alginate hydrogel for site-specific
treatment of ulcerative colitis by regulating gene silencing and the level of reactive oxygen species (ROS) via oral administration.

Preparation of Chitosan/Alginate (CA) Hydrogel

CA hydrogel was prepared according to the previous method.** >’ Briefly, chitosan powder was dissolved in acetic acid
and neutralized by adding 0.1 mol/L NaOH to form a solution with a final concentration of 0.6% (wt/vol). Sodium
alginate was dissolved in 0.15 mol/L NaCl to create a solution with a final concentration of 1.4% (wt/vol). Finally,
chitosan solution and sodium alginate solution were mixed in a ratio of 1:1, and the NPs above were added. 30 mM
Na,SO4 and 70 mM CaCl, were prepared into a chelating solution with a volume of 2:1. The prepared chelating solution
and hydrogel were incubated in a 37°C water bath, and then the chelating solution and polymer suspension were

collected, respectively.

Animals
C57/BL6 female mice (8 weeks old) were provided by the Medical Experimental Animal Center of Xi’an Jiaotong

University, Shaanxi Province, China. All experimental protocols involving animals were performed in accordance with
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the Guidelines for Care and Use of Laboratory Animals of Xi’an Jiaotong University and approved by the Animal Ethics
Committee of Xi’an Jiaotong University.

In vivo Intestinal Permeability Assay

FTIC-labeled dextran was used to evaluate mouse in vivo intestinal permeability.** Food and water were withdrawn for 4
hours, and then the mice were orally administered with FITC-labeled dextran (40 mg/100g body weight, Sigma). After 5
hours, the serum was collected, and fluorescence intensity in the serum was measured by a fluorescence spectrometer
(excitation, 492nm; emission, 525nm; HITACHI, F-4700, Japan). FITC-dextran concentrations were determined using a
standard curve generated by serial dilution of FITC-dextran.

Statistical Analyses

GraphPad Prism 7 was used to statistically analyze the data in this article. One-way and two-way analyses of variance
(ANOVA) and t-tests were used to determine the statistical significance (¥*p<0.05, **p<0.01, ***p<0.001), p-values less
than 0.05 were considered statistically significant.

Results
Preparation and Characterization of HA-PS@NPs

We designed a pH-activated nano-bomb drug delivery system by using a double emulsion solvent evaporation method
based on the PLGA and L-Arg-CO, (Supplementary Methods). PLGA and DPPC formed the shell of the nanocarrier, and
the core included PS and L-Arg-CO, (Figure 1). To verify the nano-bomb effect of the NPs, different methods were used
to characterize their morphology (Supplementary Methods). Representative transmission electron microscope (TEM)

images of L-Arg-CO,@NPs showed that they had stable spherical core-shell structures at neutral pH (Figure 2A). In
contrast, a few pores were present on the surface of some L-Arg-CO,@NPs at pH 6.0, and more holes appeared almost
on all NPs when the pH decreased to 5.0 (Figure 2A). The dynamic light scattering (DLS) method was used to measure
the size and zeta potential of NPs at different conditions. L-Arg-CO,@NPs had a diameter of 267.2 = 1.38 nm, and there
was no significant difference under different pH conditions (Figure 2B). The zeta potential of L-Arg-CO,@NPs was
—17.4£6.82 mV at pH 7.4 (Figure 2C). To further verify that the nano-bomb effect of NPs was caused by the CO,
released from L-Arg-CO, under acidic pH conditions, we synthesized the L-Arg@NPs, which replaced L-Arg-CO, with
L-Arg. Unlike L-Arg-CO,@NPs, L-Arg@NPs maintained intact spherical core-shell structures under three different pH
conditions (Figure S1a). The size and zeta potential of L-Arg@NPs were 279.9 + 0.934 nm under different pH conditions
and —21.5+5.83 mV (Figure S1b and c), respectively. The encapsulation efficiency and loading rate of PS measured by
UV spectrophotometer were 79+4.58% and 11.67+1.42%, respectively. These results indicated that acidic pH-activated
“nano-bomb” was successfully synthesized, in which CO, released from L-Arg-CO, encapsulated in the NPs could
expand and/or break open the NPs to achieve the “nano-bomb” effect, and this bomb effects did not affect the
encapsulation efficiency and loading rate of PS.

To enrich more NPs in the colon, we modified the surface of the NPs with hyaluronic acid (HA) through Michael
addition reaction to target the CD44 receptor that was highly expressed in the inflammation site of the colon. After
modification with HA, the spherical shell-core structure of the NPs was not affected (Figure 2D). The size and zeta
potential of HA-L-Arg-CO,@NPs (HA NPs) were changed from 279.9 + 0.934 nm to 296 + 0.24 nm and from —21.5
+5.83 mV to —23.5+6.79 mV, respectively (Figure 2E and F). Owing to the low number of maleimide and sulthydryl
groups participating in the reaction, the results of FT-IR spectra showed that weak C-H near 1420 cm 'and C-S stretching
vibration of 1300 cm 'accessories (Figure 2G). Combined with these results, we confirmed that HA was successfully
conjugated to the surface of NPs.

HA-L-Arg-CO,@NPs (HA NPs) Uptake and Intracellular Trafficking

To test whether cells ingested HA NPs in vitro, the 1,1’-dioctadecyl-3,3,3°,3’-tetramethyl indocarbocyanine perchlorate
(DiL)-labeled HA NPs were incubated with Colon-26 epithelial-like cells and activated Raw 264.7 cells (Supplementary
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Figure 2 Synthesis and characterization of “nano-bomb effect” nanoparticles and hyaluronic acid (HA) modified with nanoparticles. (A) TEM images of the nanoparticles
under different pH conditions for 3 h at 37°C (n=5). The nanoparticles maintain a spherical morphology and core-shell structure at pH 7.4, and were broken open under
lower pH (pH 6.0 and pH 5.0), indicated the pH-activated behavior. (B) Size distribution of nanoparticles at different pH conditions were measured by dynamic light
scattering (DLS) (n=5). (C) The zeta potential of nanoparticles was —17.4+6.82 mV, which was measured by dynamic light scattering (DLS) (n=5). (D) TEM images of L-Arg-
CO,@NPs modified with HA. (E and F) Size distribution and zeta potential of L-Arg-CO,@NPs (NPs) and HA-L-Arg-CO,@NPs (HA NPs) were determined by dynamic
light scattering (DLS). (G) FT-IR spectra of HA-L-Arg-CO,@NPs (HA NPs) showing the changes of infrared spectra of the Michael addition reaction between maleimide and
sulfhydryl.

Abbreviation: FT-IR, Fourier transform infrared spectroscopy.

Methods). Confocal images showed that, compared with the control group, strong DiL signals on the cytoplasm or cell
membrane surface of Colon-26 and Raw 264.7 cells in the HA NPs/DiL groups (Figure 3A and B). Furthermore, flow
cytometry was used to test the efficiency of HA NPs uptake by Colon-26 and Raw 264.7 cells. Compared to the control,
the flow cytometry results showed that Colon-26 and Raw 264.7 cells ingested almost all HA NPs/DiL (Figure 3C and
D). These results illustrated that HA NPs could be effectively ingested by cells in vitro.

Facilitating the endosomal escape and ensuring cytosolic delivery of the therapeutics is the key to achieve
effective NPs-based therapy. Therefore, to investigate the lysosomes escape capabilities of HA NPs, a co-localiza-
tion analysis of NPs with lysosomes in Colon-26 cells at different times was conducted. DiO (Green) was
encapsulated in the NPs (HA-PS@NPs with CO, or HA-PS@NPs without CO,), and lysosomes were stained
with LysoTracker Red. The green fluorescence of DiO overlapped with the red fluorescence of LysoTracker Red
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Figure 3 Cellular uptake of nanoparticles and low pH-activated lysosomal escape of HA-PS@NPs. (A) Colon-26 cells were incubated with DilL-labeled HA NPs, then
stained by FITC-phalloidin and DAPI to visualize cytoskeleton and nucleus, respectively. (B) Raw 264.7 cells were incubated with DiL-labeled HA-NPs, then stained by FITC-
phalloidin and DAPI to visualize cytoskeleton and nucleus, respectively. (C) Colon-26 cells uptake efficiency of NPs and HA NPs were measured using flow cytometry. (D)
Raw 264.7 cells uptake efficiency of HA NPs were measured using flow cytometry. (E) Representative images of Colon-26 cells incubated with HA-PS@NPs with CO, and
HA-PS@NPs without CO, for | h and 6 h at 37°C. The cell nuclei were stained by DAPI (blue), the lysosomes were stained by LysoTracker Red (red), and HA-PS@NPs
were labeled with DiO (green). (F) Color scatter plots of HA-PS@NPs vs lysosomes. (G) Plot profiles of HA-PS@NPs vs lysosomes. (H-1) Corresponding Pearson’s
correlation coefficient (PCC) values of HA-PS@NPs vs lysosomes (mean + standard deviation, n > 10) at |h and 6h. *P < 0.05, **P < 0.0 with 95% confidence level from the
unpaired t-test.

in the group of both 1 h and 6 h treated HA-PS@NPs without CO,. In the group of treated HA-PS@NPs with CO,,
co-localization was significantly reduced, especially at 6 h, suggesting that HA-PS@NPs with CO, enabled
successful escape from lysosome (Figure 3E).
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Additionally, color scatter plots (Figure 3F), plot profiles (Figure 3G), and corresponding Pearson’s correlation
coefficient (PCC) values (Figure 3H and I) were used to provide a statistical correlation between the red and green
fluorescence signals in the images. Firstly, for the color scatter plots, both in the “without CO,” groups and the group of 1 h
HA-PS@NPs with CO,, the green fluorescence and red fluorescence were linearly distributed, indicating a certain degree of
co-localization relationship. In contrast, it could be seen that the red and green fluorescent gray values were concave in the
group of 6 h HA-PS@NPs with CO,, indicating that the co-localization relationship between NPs and lysosomes was
fragile (Figure 3F). Secondly, for the plot profile results, when compared the peak positions of red and green fluorescence in
different groups, we found that the red and green peaks of the “without CO,” groups were almost analogous, indicating a
certain degree of co-localization. However, several peak positions in “with CO,” groups were different, showing no co-
localization at these positions (Figure 3G). Thirdly, the PCC value further verified this phenomenon. In both groups for 1 h
and 6 h, the PCC values in groups of “with CO,” were significantly lower than those groups of “without CO,” (Figure 3H
and I). Collectively, these results indicated that the pH-activated “nano-bomb effect” of HA-L-Arg-CO,@NPs facilitated
lysosomal escape for cytosolic delivery of PS.

Synergistic Effect of HA-PS@NPs to Reduce LPS-Induced Inflammation in vitro

It is widely believed that activated macrophages and leukocytes can produce abundant reactive oxygen species (ROS)
during the development of colitis. Therefore, the level of ROS was positively correlated to the severity of inflammation.
To evaluate the ROS scavenging ability of HA-PS@NPs, activated Raw 264.7 cells were treated with 2.7-dichlorodihy-
drofluorescein diacetate (DCFH-DA), which is a ROS probe and its green fluorescence intensity can reflect ROS level of
cells (Supplementary Methods).** Results showed that positive control (Rosup) and LPS-induced group had strong green

fluorescence. In contrast, the Negative group (normal cells) had negligible fluorescence, indicating that LPS induced Raw
264.7 cells to produce ROS (Figure 4A). When treated cells by HA-PS@NPs, the green fluorescence, which reflected
ROS level, was significantly reduced (Figure 4A and B). To further verify the anti-inflammatory ability of HA-PS@NPs
in vitro, we also investigated the mRNA levels of TNF-q, IL-6, and IL-1p in activated RAW 264.7 cells by quantitative
RT-PCR (Primer sequences were shown in Table S1). Our results indicated that the expressions of TNF-q, IL-6, and IL-
1B were significantly increased in the LPS-treated group. After being treated by HA-PS@NPs (equal to 20 uM of PS),
the expression levels of these cytokines were significantly decreased. Surprisingly, HA NPs treatment alone could also
substantially reduce the ROS level and mRNA levels of TNF-a, IL-6, and IL-1p (Figure 4C-E).

These data illustrated that this “nano-bomb” carrier successfully delivered PS into the cytoplasm and exerted its anti-
inflammatory effect. HA-PS@NPs could attenuate LPS-induced inflammation of macrophages, including overexpressed
pro-inflammatory cytokines and ROS. Interestingly, we found that HA NPs alone could attenuate LPS-induced inflam-
mation of macrophages, which indicated a potential anti-inflammatory mechanism of L-Arg.

Biocompatibility Evaluation of HA NPs in vivo and in vitro
To determine the safety of this nano-bomb carrier, MTT assay, Calcein-AM/PI (propidium iodide) cell staining, and clone
formation assay were carried out in vitro (Supplementary Methods). Negligible cytotoxicity was found in tested times

and concentrations of nanocarriers (Figure S2a-d, Figures S3, and S4). Moreover, HA NPs did not affect the clone

formation of HT-29 cells (Figure S5). The biocompatibility of HA NPs was further evaluated in healthy mice in vivo.
The mice were orally administered chitosan/alginic acid hydrogel encapsulating HA NPs or the same amount of hydrogel
as control every day for 7 consecutive days and observe for 30 days. At the end of the observation period, we collected
the whole blood and serum for blood routine and biochemical analysis. The organs were stained by hematoxylin and
eosin (H&E) for histology study. There was no significant decrease in the number of red blood cells, white blood cells,
neutrophils, lymphocytes, platelets, hemoglobin (Figure 5A). Additionally, the damage indexes of liver (alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)), the indicators of renal function urea (UREA) and creatinine
(CREA), and the damage indexes of heart creatine kinase (CK) and lactate dehydrogenase (LDH-1) were all detected. It
could be seen that there was no evident difference in these indexes between the control and HA NPs groups (Figure 5A).
These results indicated that HA NPs had excellent hemocompatibility. H&E stainings of vital organs revealed that HA
NPs did not cause any clear signs of organ damage, the liver hepatocytes appeared normal, no myocardial fibrillary loss
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Figure 4 Synergistic effect of HA-PS@NPs to reduce LPS-induced macrophage inflammation. (A) ROS levels with different treatments were evaluated. ROS probe, DCFH-
DA (10uM), was added to the cells and incubated for 30 min. Rosup (0.5mg/mL) treated group was a positive control. Fluorescence of cells was observed by fluorescence
microscope with 488 nm excitation and 525nm emission. (B) The fluorescence intensity of each group was analyzed by Image ] software, (n=6), *¥p<0.01. (C-E) mRNAs
expression of TNF-q, IL-If and IL-6 in Raw 264.7 cells with different treatments were evaluated by real-time PCR, (n=6), *p<0.01, **p<0.01.

or vacuolation was observed in the heart, and no pulmonary fibrosis was detected in lung samples (Figure 5B). We also
failed to find any notable toxicity sign in tissues from the GI tract (Figure S6). All the results proved evidence for the
excellent biocompatibility of this “nano-bomb effect” carrier that was safely used as drug carriers.

Targeting Ability of HA NPs in vivo

HA could specifically target the CD44 receptor overexpressed on macrophages and colonic epithelial cells during colitis.
To more intuitively observe the targeting ability of HA NPs to the inflamed colon in vivo compared with NPs. Normal
and colitic mice were gavaged with NPs/DiR and HA NPs/DiR, respectively. At 12 h post-administration, the GI tract in
each group was collected and imaged by VISQUE Invivo Smart-LF animal live imaging system. The HA NPs treated
group exhibited stronger DiR signal in the colon compared with NPs both in normal and colitic mice (Figure 6). In other
organs, DiR signal was almost negligible (Figure S7). These results suggested that HA modification enhanced the NPs
uptake by colonic cells, increasing the targeting ability of NPs to the inflamed colon tissue. And HA NPs had good
biological safety because they were not distributed to other organs except for the colon after oral administration.

Oral Administration of HA-PS@NPs in Hydrogel Attenuated DSS-Induced UC

The therapeutic effect of HA-PS@NPs against DSS-induced acute colitis in mice was evaluated. The mice were divided
into 4 groups and received regular water (control), 2% (w/v) of DSS (DSS group), hydrogel encapsulated with HA NPs
(500mg/kg), hydrogel encapsulated with HA-PS@NPs (500mg/kg, equal to 40mg/kg PS) (Figure 7A). Compared with
the DSS group, HA-PS@NPs treatment significantly increase mice’s body weight and colon length and decrease the
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disease activity index (DAI) in the DSS-colitis mice (Figures 7B-D and S8). The intestinal barrier functions were
analyzed using FITC-labeled dextran, the serum concentrations of dextran-FITC were decreased in the HA-PS@NPs
group compared with the DSS group (Figure 7E). It was worth noting that HA NPs treatment also showed a certain trend
of relieving colitis, but there was no statistical difference. In terms of molecular biology and histology, the mRNA
expression levels of the pro-inflammatory cytokine, including TNF-a, and IL-1B, IL-6, and IL-12 were significantly
decreased after HA NPs and HA-PS@NPs treatment (Figure 7F-I). And histological changes of HA-PS@NPs against
DSS-induced UC were observed by the H&E staining method. Mice treated with DSS alone exhibited robust signs of
inflammation, including epithelial erosion, interstitial edema, and a general increase in the number of inflammatory cells
in the lamina propria. In contrast, mice treated with HA-PS@NPs significantly attenuated DSS-induced colonic
inflammation, epithelial damage, and crypt shortening in mice (Figure 7J and K).

To further evaluate the antioxidant effect of HA-PS@NPs in mice, we used the Reactive Oxygen Species (ROS)
Assay kit of DCFH-DA (Beyotime) to incubate with colonic tissues and frozen sections of colon from mice in different
treatment groups. Results showed that DSS treatment group had strong fluorescence intensity, which indicated the
overexpression of ROS. In contrast, the control group had negligible fluorescence, indicating that DSS induced the
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Fluorescence intensities of the region of interest (ROI) were quantified with an imaging system (n=3), *»<0.05, **p<0.01.

production of large amounts of ROS. When treated mice by HA-PS@NPs, the fluorescence intensity, which reflected
ROS level, was significantly reduced (Figures S9 and S10). These results further manifested that the CA hydrogel
delivered NPs to the colon, and oral administration of HA-PS@NPs attenuated DSS-induced colitis in vivo.

Discussion

Various colon-targeted nano-drug delivery systems have been designed for the treatment of UC by recent developments
in nanotechnology. Advantageous features include the potential to augment local drug concentrations in inflamed tissue,
improving drug efficacy, decreasing dosing frequency, reduce drug unwanted side effects, and the ability to enhance the
solubility of hydrophobic molecules.**>® However, successful cytosolic delivery of nanomaterials is still a challenge in
designing effective nanoparticle delivery systems.>’ Nanoparticles are typically internalized into cells through the
endocytosis pathway, which involves internalization into an endocytic vesicle, fusion into the early endosome, maturation
into the late endosome, and accumulation in the lysosome. During the progress of endosome maturation, the pH
decreases from physiological pH of 7.4 down to ~pH 6.5 in the early endosome, ~pH 6.0 in the late endosome, and
~pH 5.0 in the lysosome.*®

The nanoparticles remain trapped in these compartments, and the environment of the lysosome can result in
significant degradation of the therapeutic cargo. Thus, releasing from these compartments is essential for improved
efficacy of drugs.®® Currently, several strategies have been designed to facilitate endosomal escape, such as pH-sensitive
anionic endosmotic agents, cationic endosmotic agents, and modification of lipid or polymer nanoparticles.*>*' However,
these strategies often suffered from potential toxicity, high cost, and convoluted synthesis/conjugation processes.

In our present study, we designed a pH-activated nano-bomb drug delivery system by using the natural guanidine
group in L-Arginine, in which the guanidine group adsorbed CO, in neutral pH conditions and release CO, in acidic pH
conditions. The released CO, broke the lysosome and successfully delivered the loaded drugs to the cytoplasm. And it
had the advantages of synthetic steps, good biocompatibility, and high selectivity. The loading of L-Arginine did not
affect the PS encapsulation efficiency (79+4.58%) and loading efficiency (11.67+1.42%).

The production of pro-inflammatory cytokines and reactive oxygen species (ROS) produced by activated macro-
phages and leukocytes during the development of colitis was directly correlated to the inflammation.>**** LPS was used
to activate Raw 264.7 cells to mimic acute inflammation model in vitro as the combination of LPS and toll-like receptors
(TLRs) on the surface of immune cells activates the intracellular protein kinases (MAPKs) and nuclear factor-kB (NF-
kB) signaling pathways, producing associated pro-inflammatory cytokines and ROS.** In our study, HA-PS@NPs
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significantly reduced the mRNA expression of pro-inflammatory cytokine and the production of ROS, indicating that it
had an excellent anti-inflammatory effect in vitro.

Furthermore, oral administration HA-PS@NPs in the mouse UC model in our study could also significantly relieve
colitis symptoms by reducing intestinal barrier permeability and downregulating the expression of pro-inflammatory
cytokine, which should be attributed to the effect of PS. As previously reported, PS pretreatment markedly ameliorated
intestinal barrier dysfunction caused by DSS by preventing myosin light-chain kinase (MLCK) from driving phosphor-
ylation of MLC (p-MLC) in DSS-induced colitis mice.** Furthermore, PS could also ameliorate colonic inflammation via
suppressing dendritic cell activation, promoting regulatory T cell development, and regulating the gut microbiota.*®

Compared with intravenous administration (i.v.), oral administration has incomparable advantages in enhancing
patient compliance, avoiding side effects from the long-term intravenous injection, and improving patients’ quality of
life.***” The chitosan/alginate (CA) hydrogel we selected could successfully deliver HA-PS@NPs to the colon over-
coming the complex microenvironment of the gastrointestinal tract. Furthermore, HA modification increased the ability
of NPs to target the inflamed colon tissue. CD44, a single-chain transmembrane glycoprotein with a molecular mass of 80
to 250kD, is overexpressed on the surface of colon epithelial cells and macrophages in UC tissues. HA can selectively
bind to CD44 and block its release of a drug because of its large and biocompatible molecular size, not to mention its
ability to be readily degraded by HAase after being taken up by cells.*®

Interestingly, HA NPs loaded with L-Arg could also reduce the expression of pro-inflammatory cytokines both in
vitro and in vivo to a certain extent, which was consistent with previous report.**>° Shreds of evidence show that
L-Arginine regulates the progression of IBD through the oxidative system, intestinal immunity, intestinal microbiota,
tight junction proteins, and metabolic products, like nitric oxide (NO) and polyamines.?'" L-Arg is metabolized by nitric
oxide synthase (NOS), which generates NO and L-citrulline. NO regulates the immune response during inflammation as
an essential immune-modulator and maintains the integrity of intestinal mucosal barrier structure and function.’> And
L-Arg also serves as a precursor to glutamine, proline, and ornithine, with the latter serving as the substrate for
synthesizing polyamines. Polyamines are associated with mucosal protection in the gastrointestinal tract.*” Both of
them regulate inflammation through the phosphoinositide-3-kinases (PI3K)/PI3K-protein kinase B (Akt) and the myosin
light-chain kinase (MLCK)-myosin light chain (MLC20) pathway in the colon.** The specific mechanism needs further
verification in our study.

Conclusion

In this study, we developed an HA-modified pH-activated nano-bomb system loaded with PS (HA-PS@NPs) for UC
treatment. Under lysosomal acidic pH conditions, L-Arginine-CO, (L-Arg-CO,) in HA-L-Arg-CO,@NPs carrier
released CO, and produced a “nano-bomb effect” to trigger PS lysosomal escape. HA-L-Arg-CO,@NPs targeted the
inflammation colon efficiently via CD44 receptors, which overexpressed in macrophages and colonic epithelial cells. By
down-regulating the expression of pro-inflammatory cytokines, HA NPs and HA-PS@NPs reduced inflammation and
alleviated UC symptoms by oral administration. In conclusion, this pH-activated nano-bomb drug delivery system with a
therapeutic effect provides a practical targeting strategy for UC treatment.
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